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OHAPrER I 
A STA'I'EMEN'l' OF THE PROBLEM 
An extensive literature has been established on the 
use ot high frequency oonduotometrio methods in oh.emioal 
cj}--~~~-ana1ya1a-and-rEH3earoh~ ___ Tne tact_ that the instruments 
respond to chemical changes without having electrodes 
immersed in the reacting solutions has attracted the atten-
tion of many investigators. Until the last tew years, 
praotioally all of the investigations were concerned with 
aq.ueous solutions, with the exception of' measurements of' 
dielectric constants. 
There seemed no logical reason for not extending the 
use of the high frequency instruments to the study of 
Bronsted acid-base reactions, organic syntheses, rates of 
reaction, and the other commonly studied aspects of non-
aqueous chemistry. A few early works were published with 
regard to ester1t'ioat1ons and the titration of weak acids in 
organic solventsj but no extensive reports were forthcoming 
on the general utility of high frequency titrimetry in non-
aqUeous system$ until the paper of Grove and Jeffery: ( 1960). 
Since 1960, an 1ncl:*easing interest has been shown in non ... 
aqueous use ot h1gh frequency titrimete:rs, as will be shown 
in the next chapter. 
2 
It seemed only a matter of time until someone would 
perform the rese$-roh necessary to allow the use or solvents 
which could be kept in the liquid state (at atmospheric pres-
sure) only at low temperatures. The classical example or 
such a solvent is liquid ammonia which boils at -33.4°c., 
ture solvents such as sulfur dioxide, hydrogen cyanide and 
hydrogen fluoride. A maJor Obstacle to the use or such low 
temperature liquids with high frequency titrimeters was the 
lack or a suitable cellJ one which could maintain the low 
temperature necessary to preserve the liquid state tor the 
protracted periods or time re.quired to perform titrations. 
Thus, it was the purpose or the present investigation 
to develop a cell which would permit the use of high fre-
quency titrimeters f'or $tudying low temperature, nonaqueous 
solvents--speoif'ioally ammonia. On the assumption that a 
suitable cell could be constructed. a further aspiration of 
the research was to investigate the response of high fre-
quency titrimeters to a sutticient number or liquid allll1lonia 
reactions to show that an attractive area of chemical 
research had been exposed by the development or the cell. 
OHAPl'ER II 
H!GH FREQUENCY TITRIMETERS 
Histotz. The earliest work on equipment suitable tor 
high frequency studies ot chemical systems was that ot 
given the credit. In his early work, Blake seemed primr;utily 
interested in the physics of the equipment and its response 
t;o aqueous solutions of electrolytes rather than to titra.-
t1ons. At a later date he turned his attention to the 
application ot the apparatus to chemical studies, and 
pUblished one of the two existing books devoted exclusively 
to high frequency t1trat1ons and instruments (Blake, l950J 
and Cruse and Huber, 1957). 
But even though high frequency methods were suggested 
by Blake some thirty years ago, little interest in these 
methods was shown until the p~oneer work ot Jensen and 
Parrack at Texas A and M College (1946) resulted in an 
explosive, world-wide development. It is interesting to note 
that the initial manuscript of Jensen and Parrack contained 
no reference to the work ot Blake and was apparently pre-
pared independently of any influence of Blake's earlier 
effort$. 
ln the sixteen years that have elapsed sinoe Jensen 
and Parrack's first paper, over two hundred papers have 
been published on high frequency titrimetry, including 
several reviewsJ and no major scientific country in the 
4 
world has failed to produce work on the subject. The first 
commercially available instrument, the E.H. Sargent Company's 
Jensen and Parrack High Frequency Titrator, was based on the 
:l---~~~-design-of-the-Jensen ... Parra.ck instrument; and the_most recent-
ly developed instrument was the Sargent-Jensen Model HF High 
Frequency Titrimeter. Thus the stature of the research team 
or Jensen and Parrack as the prime developers of high 
frequency titrimetry has been well demonstrated, and the 
consensus among reviewers or instrumental methods was that 
the Texas work, rather than that of Blake, triggered the out-
pouring of research that followed the 1946 publication. 
Desisn ~ Construction. The essential features of a 
high frequency titrimeter consisted or three main components: 
the oscillator which supplied the high frequency field, the 
solution cell which interacted electronically with the 
oscillator, and the detector which measured variations in 
some parameter of the oscillator caused by changes in the 
cell. In 1954, two excellent articles (Sherrick, Dawe, Karr 
and Ewen.; and Reilley) reviewed the modif1catj~one that had 
been investigated with respect to each of the three mentioned 
components and established a theoret:i.cal basis for their 
design. Blaedel and Malmstadt (1950) postulated that the 
I 
5 
loading mechanism by which the cell interacted with the 
oscillator involved capacitance changes almost exclusivelyJ 
and also~ extended the range or frequencies to 350 megacycles. 
By 19581 a well written, simplified description of the equip-
ment was available in a textbook (Willard, Merritt, and 
tor-------
this dissertation has drawn largely on these references in-
order to outline the fundamental features of a high frequency 
titrimeter. 
Willard 1 Merritt and Dean (1958) point out that: 
A current alternating at frequencies exceeding 
l megacycle per seoond_affects the conductance and 
capacitance or a solution placed within the field. The 
vessel containing the solution is placed in the field of 
an inductance coil or between the plates or a capacitor 
carrying the high frequency_ current" Since the induct-
ance coil or the capacitor is part of the high frequency 
oscillator c1rcuit1 any changes in the composition of the 
solution will be reflected as changes in the frequency 
or the oscillator or changes in the plate and grid 
currents and voltageso 
The essential parts of' an oscilator.have been shown 
in. the schematic diagrams of FigUre 1. In part la, the three 
components of a s.~l& oscillator have been arranged. 'l'he 
condenser's capacitance, o, was in parallel with the coil's 
inductance, L, and some sort of resistive components, R. 
The resistive components were inherent in both C and L. At 
resonance, the oscillator current surged baok and forth 
through the resistance as the condenser was discharged 
through the coil, and the frequency or the baok and forth 
Zf>ro 
c L R 
a. Fundamental oscillator circuit 
b. Tuned grid oscillator circuit 
Fixed 
frequency f 
oscillator~--¥----. 
~a_d __ ~~u~s_t~-~ Variable 
frequency 
oscillator 
c. A beat-frequency titrimeter 
Fiv.ure 1. High frequency oscillator schematic diagrams. 
6 I 1_: 
7 
motion was given by the relationship 
1 
Thus, was established the fundamental frequency or the 
to operate in the 2 ... 500 megacycle pet' second ttegion ot radio 
waves. 
In Figure lb, the schematic diagram ot a tuned-grid 
oscillator circuit has been shown as a mOdification of the 
· la circuit. The use ot an electronic tube to amplify the 
resonant current of the oscillator allowed the decaying 
effects on. the o~rent1 due to the resistance, to be counter-
acted. The use ot two inductances L1 and ~, on a common 
core, made it possible to design a system that woul(i continue 
osoillat:t.ng indet:tnitely at some pre-selected resonant 
frequency. In F:tgux-e lb, the inductance, La has been shown 
in the plate circuit of the tube and the oscillator indue• 
tance, L1, in the grid o1rou1tJ but in other instrumental 
designs L1 has been placed in the plate circuit. 
A vall!1at1on on the oscillator circuits shown in 
F~ure la a.nd l.b was developed by Johnson and T1mnick (1956) 
who replaced the coil (inductor) with a coaxial ha.lf ... wave 
line, permitting operation at frequencies up to 130 mega-
cycles per second. Operation at higher frequencies made 
8 
possible the use or higher concentrations of reagents in the 
cell. 
The titration cell has been incorporated into the 
oscillator circuit as a part of either the coil or the 
capacitor; but# in either case, the net effect of such a 
ce !1---at-:rrigh-frErquemcri_e_s-wa-s-t-o-a-lter-the-capa-a!tance-of-the-----
resonant circuit. Such changes in the oscillator's capaci-
tance were reflected in changes in (a) the resonant frequency 
of the oscillator, (b) the grid current, (c) the plate 
current,. or (d) some combination of all of these variables. 
For example, Jensen and Parrack's original titrimeter used a 
milliammeter to measure plate current in the range of 15 to 
20 megacycle per secondo 
A distracting difficulty associated with many of the 
early instruments was a tendency for the output signal to 
drift with time due to instrument warm-up, aging of the 
electronic components, or spatial variations between compon-
ents as a result of inadequate mechanical rigidity of the 
system. These prob.lems were minimized by the development 
of beat-frequency instruments of the type diagramed in 
Figure lc, In such instruments, two oscillators that gen-
erated nearly identical frequencies were coupled so that 
their output resulted in a lower beat-frequency signal. The 
cell was associated with only one of the oscillators, and 
that oscillator also contained sensitive variable capacitors. 
9 
Typically, one ot the val:*iable capacitors was used to estab .... 
liah a zero point when the cell was a part of the system, 
but before any reaction took place. After the reaction took 
place" a second variable condenser was used to return the 
electronic system to·its original zero point 11beatnJ and 
gave an indication or the magnitude of the change that 
occurred in the cell. 
I 
Both the OF-120 High Frequency Titrimeter 
(Clinkscales and Feye, 1960) and the sargent Modal V Chemical 
Oscillimeter -(Sherrick., Dawe 1 Karr, and Ewen J 1954).. the 
instruments used in this .investigation,. are of the beat-
. frequency type,; but the methods used to measure their signal 
output ~e diffex-ent. 
Cell design has been a. maJor concern of several inves"" 
t1gators and was a significant phase of this investigation. 
However:. it was considered desirable to disouaa the detailed 
desi$n of cells in the same chapter (IV) used .to describe 
the cell actuallY built tor use in this research. 
' 
The final aspect of the seneral problem of designing 
a high frequency titrimeter was related to the teohnique of 
measuring the output of the oscillator-cell combination. 
As mentioned above, microammetere have been·used, as well aG 
solll$ devices to determine the beat ... frequenoy. In the later 
~- category were oscilloscopes (Fischer and Fisher, 1952) and 
L 
~~~--~~-·---
·-·------·--··· 
10 
matching signal generators for those instruments utilizing 
only one oscillator oirou1t. Researchers have reported 
using wheatstone bridges (Mori1 Hyodo, and MurakamiJ l950)J 
and Johnson and T1mn1ok (1956) used a polarograph in con~ 
Junction with their previously mentioned 130 megacycle per 
seoond-1nstrum.ent---;--The most aoplril:ftficratEfd-app:roa:-oh-to-the 
measurement of the instl'Ument signal was the use of a record• 
ing potentiometer by the staff or E.H. sargent and Co. 
( 1954) and by Musha, Ito., and Takeda ( 1952). 
Many other investigators have made specific improve-
ments in some detail of a high frequency titrimeter, but to 
elaborate on each contribution was beyond the scope of this 
introductory chapter; especially when an excellent compila-
tion was made 1n Scientific AppaJ;tatus and Methods (1957), 
the house organ of E.H. Sargent and Company. c~se and 
Huber (1957) gave a table &'Ullll'nariz1ng the type of instl.'*Um.ent, 
the type of oscillator, the parameters measured, the type of 
cell, the frequency, and the original literature references 
tor high frequency titrimetere reported to that date; and 
only a few new instruments have been reported since. 
The more interesting of the newer reports were Conseiller 
and Oourteix (1958), Tarnay and Jull$z (lS$8), Clinkscales and 
Frye ( 1960), Kimura ( 1961) .~ Pungor ( 1960) 1 Ermakov ( 1960 ) , 
Groubert and Caillon (1960), and Lorenz {1960). Some other 
recent z.eferenoes were listed in Chemical Titles, but neither 
ll 
the original journal nor a chemical abstract was available to 
peX'lll1t an evaluation of the sign1f1oanoe of the researohJ 
Mukherjee (1957)., Mu.sha and Takeda (1957), Mai (1961) J 
Vakhtel and Cherbyakina (1961),. Matsuda and Matsuda (1961), 
Gorokhovskii.ll Samitov, and Tremasov (1960), and Kashima 
~--------tl960J-#i------------------------~-------------------------------
A2Rlioations !.2, J\qu.eous S;v:stems. Because the present 
research was primarily concerned with nonaqueous reactions, 
the prior art of aqueous studies was satisfactorily reviewed 
by the previously mentioned Scientific Apparatus and Methods 
article (E,H. Sargent and Company, 1957). The investigations 
had covered a tremendous range of chemical activities 
including acid-base titrations (of all degrees of acid and 
base strengths), binary and ternary analyses, analytical 
methods for determining metals and their oomple~es, ester-
ification, eapon1fioation 1 chttomatography end points, precipi-
tations, water hardness,; chelate reactions, reaction rates,. 
an,d on-stream control of industrial processes" 
Newer research was considered of greater interest in 
the present investigation, and the literature since 1957 has 
been reported moJ:le exaustively than that of the earlier 
period. 
011nksoales (1957) built a heterodyne type, 120 mega .. 
oyole per second instrument and demonstrated its effectiveness 
12 
by performing conventional acid-base titrations 1 dielectric 
measux-ements and salt-response experiments. The apparatus 
was also suggested as a suitable instrument tor student use 
in undergraduate analytical chemistry courses (Cl1nkaoales 
and Frye1 1960). 
Mandel!b~rg_and zarinsk11 (1958) obtained a Russian 
patent tor an "Appartus for high frequency titration and tor 
determination or the concentration ot solutions." 
Nakano- Ishikawa, and Shibata ( 1958) f'ound that the 
presence ot sodium carbonate accounted f'or the cross-over of 
the response curves ot sodium chloride and sodium hydroxide. 
A titrimeter operating at the unusually high frequency 
of 500 Me. per second was developed by Paucek (1958) and 
found suitable for titrations in the .05 M to .1 M range of' 
ionic salt concentrations. 
Titration curves for barium, silver and sodium 1om~ 
were reported by Barbi (1951). 
Soils and humua were analyzed by means of a 420 mega.:. 
cycle per seoond instrument in the work or Pavel and 
zaavork:a ( 1958) • 
Johnson and Neale (1961) studied high frequency 
effects in polyelectrolyte&. 
The ndeterm1nat1o~ ot codeine and salicylic acid in 
an aqueous environment n was performed· with .,h:lgh frequency 
ourx-ents" in the research of Kalinowski (1961). 
13 
Anikin, K1rp1ohev, and Gordeev (1961) 1nveet1gated 
the absorbt1on or the energy ot a high f'requenc;y electric 
t'ield by aqueous and alcoholic solutions of alkaline earth 
chlorides. 
The high rreq,uenoy titration of' mereaptans waa 
An extensive aeries ot researches has been carried 
out in Hun;aey under thf..' direction of Pungor. Papers bearing 
only his name appeared on the development ot a 130 megacycle 
per second instrument (1959), the oxidation of chlorpro-
mazine (1960)p and a review of high frequency methods (1962). 
Ptangor and Balazas reported that the 130 megacyc.le per second 
instrument was useable tor titrating hydrochloric acid and 
acetic acid at oonQentrations ot one and twenty gamma per 
I 
m1ll1l1te~, respeotivelYJ and cations were titrated in oonoen• 
tratione or two g&Jrm'la pe:v milliliter for silver nitrate 
and ten ,amma per milliliter for barium acetate. Funa;or, 
Taoacsj and Schert.*•Bru.zer (1960) 1nvest1g~ted the use of 
their high rx-equenor titrimeter to t.eat th$ stability ot 
pharmaceutical injection solutions, chlorproma~ine and 
vitamin c, in sealed ampules~ Pungor and zapp1 (1959) 
developed a method t:or the "rapid determination or aluminum, .. 
and 1n the same year reported again on an investigation or 
aluminum complexes. Pungov continued his extensive work in 
the tield of high frequency titration by again oollaboratinl 
14 
_with Balazs (1962) in a study of the use of methyl glucam:tne 
standard solution ror a titration of cations with a uhigh 
. frequency end -point indicator." 
Macro amounts of "fluoride 11 were determined by steam 
distillation in conJunction with high frequency titration in 
-ll-----------the-investigation_of __ ca.lkina .(1962) ... 
Ae;elioations to Nonagueous Sfstems. As in the case Of' 
applications to aqueous systems, the Sargent (1957) review 
article contained an excellent sunnnaey of the developments 
to that date. The use of dielectric properties to evaluate 
the composition of miXtures or organic solvents occupied the 
attention ot most early investigators. The methods were 
initially concerned with binary systems but soon became 
sufficiently sophisticated to handle ternary systems and 
binary systems containing added electrolytes. Some work was 
done on solids, especially with a view toward the determina• 
tion or moisture content, Many t::Ltrations were performed in 
nonaqueous solvents such as benzene~ alcohols, a.oetic acid, 
dilnethylf'ormamide.; phenol, and pyridine. Some wox-k on rates 
or reactions were reported, especially in connection ,with the 
formation and hydrolysis or esters. 
Since the 1957 review article, increased efforts have 
been expended on the study of' nonaqueous research with high fre• 
quenoy titrimeters. The recent literature has been stliJllnarized 
in this dissertation as a convenient source for future 
investigators. 
A series of rate studies has been performed at the 
University or the P.acific by students of Dr. H.G. Frye. 
Lowry (1958) investigated the kinetics or the pyridine 
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Lewis (1959) extended these studies by his work on the aaetia 
anhydride-isobutanol system, and Abraham (1961) explored the 
p~opionia anhydride reactions with 1-propanol and a-propanol. 
Conseiller and Courteix (1958) used a two megacycle 
per second crystal oscillator of their own design, along with 
some unique cells, to titrate organic bases with percblorio 
acid in a solution that used acetic acid as the solvent. 
Methanol ... benzene solutions of sodium methylate were also used 
as a titrant for organic acids, Caffeine was said to be 
titrated with a relative precision or 1 per cent. 
A valuable report on the suitability ot solvents tor 
the titration of acids and bases was published by Grove and 
Jeffeey (1960), using acetonitrile,. ethylenediamine,. and 
butyl amine for the titration (both aonduotometrio and high 
frequency) or ammonium iodide, 3,!)"-dinitrobenzoio acid,. 
potassium methoxide and tetra butylamine hydroxide. It was 
concluded that the best solvents were those with relatively 
high d1eleotrio constants and very weakly" basic properties. 
Groubert and Oaillon (1960)~ using modified high 
frequency instruments, studied the dieleot:r:*ic prop~rtie$ of' 
ethylene glycol and diao.eton~ alcohol. 
Several recent artiol.es hav_e appeared tor which no 
detailed information is available; except the title. 
f----~~~~Matsuda_and_Matsuda_ (1961) released a paper entitled 
,.Quantitative analysis or halogen of alkyl tin halides by 
high frequency titration,." S1monyi and Tokar (1961) used 
' ' ' ! ' ' ~ 
alumi.nwn hal;tde alcoholates to titrate nonaqueous solutions~ 
: ' : ' . 
Golub and Golodets (l96i) investigated lead iodide. complexes 
1n nonaqueoue solvents, Kirilyuk and Misk:td:z:h~n (1961) 
analyzed the m.$ohanism of electrolytic dissociation in non-
aqueous systems. Oruse ( 1961) used h1gh frequency 
titration methods to analyze organic compounds. Ershov and 
Pokrovskaya (1961) titrated cresol isomers. Caley and 
Hubboush (1961) determined the composition or organic liquids 
by titrating them with water (with alconols and aromatic 
hydrocarbons as solvents). Anak1n., Kirpiohev 11 and Gordeev 
(1961) investigated .the abse>rption Qf high trequ.e~oy energy 
by alcoholic solutions or alkaline earth chloride~:?. And 
finally, FuJ1shima. and Takeuchi (1962) repox-ted a "Rapid 
determination of trace carbon in metals,. by using high 
frequency condensers ot submerging type.u 
OHAPl'ER III 
A SUMMARY OF LIQUID AMMONIA PROPERTIES AND .REACTIONS 
Pl)..ysi,oal anQ. Ol:t!tn1oa.l· Properties. Excellent reviews 
have been written on liquid ammonia and ita reactions (Watt~ 
-ll-----__.1950~ Audr_ie_th_and_Kleinb_erg:-1953J:-the_,_moEttL;tJeoent_being ____ _ 
a chapter in the paper-bound book by Sisler (1961). For 
the purpose of this investigation, the more significant 
physical and chemical properties of liquid ammonia have 
been summarized in Table I,; and the general l?eactions 
that occur in liquid ammonia have been reviewed with 
specific examples noted whioh have possible application to 
high freque~cy work. 
The solubility of a chemical compound in liquid 
ammonia plays an important part in its selection fol? study, 
so a composite list of solubilities was assemb~ed from 
the above review articles. Table II sunnnarizes general 
qualitative solubility information on inorganic compounds,. 
and Table III., summarizes general qualitative solubility 
information on organic compounds., In general it has been 
noted that organic species tend to be more soluble in liquid 
ammonia than in water; but for inorganic compounds the con~ 
verse was true, Reactions ooouring in liquid ammonia have 
been classified in various ways in reviewal?ticles. Some of 
the sub-divisions used were: Metathetical, Aminolys1s 1 
TABLE I 
SOME USEFUL PROPERTIES OF LIQUID AMMONIA 
Melting point, 0 c. 
Boiling point, 0 0. 
Heat or Fusion, cal. per mole 
Heat or Vaporization, cal. per mole 
Dielectric constant 
-6o0 cD 
-34°c. 
Heat or Formation (gas), cal. per mole 
Critical Temperature, 0 c. 
Density 
liquid (-33.4°0.), g. per co. 
gas (-34°0.), mg. per oc .. 
Specific Conductance (-35°0 .. ), mho 
distilled from sodium 
in apparatus with stopcock grease 
Kion = (NH4+) (N~-), (-5ooc.) 
Ionization Potential, e. v. 
Viscosity (-34°c.), poise 
-77.74 
-33.35 
1352 
5581 
26.7 
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-11,040 
133.0 
1 x lo-11 
l X 10-8 
1.9 x lo-33 
10.154 
2.558 x lo-3 
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TABLE II 
SOLUBILITIES OF CLASSES OF INORGANIC COMPOUNDS 
IN LIQUID AMMONIA 
Alkali amides Soluble, except tor lithium and 
sodium salts. 
19 
T-------~A~kal~-me~a~e Soluble---------------------------------
Anunine ... metal oations Soluble. Those cations most highly 
aquo-solvated tend to show greatest 
solubility in liquid ammonia. 
Ammonium salts. Soluble, except for the salts of 
insoluble oxy~anions listed below 
~NH4NO~, NHuCNS and ~OAc are 
ammont3-del1queacent.,"J 
Arsenates Insoluble 
Carbonates Insoluble 
Halides SolubleJ with increasing solubility 
as atomic number ot halide 
increases. ExQeptions t Most 
fluorides.~~ CaClg .. 2Hao and ZnCl2• 
Nitrates and nitrites Soluble 
Oxides and hydroxides Insoluble 
Perchlorate a 
Persultates 
Phosphates 
Soluble 
Soluble 
In.soluble 
Sulfates and sulfites tnsoluble. Ammonium sulfate forms a 
soluble 3-ammoniate. 
Sulfides 
Thiocyanate a 
Insoluble 
Soluble· 
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TABLE III 
SOLUBILITIES OF CLASSES OF ORGANIC COMPOUNDS 
IN LIQUID AMMONIA 
Acid amides 
Alcohols and phenols 
Aldehydes and ketones 
Alkanes 
Alkanes and alkynes 
Alkyl halides 
Amines 
Aromatic hydrocarbons 
Carboxylic acids 
Esters 
Ethers 
Nitroalkanea and 
nitroaryls 
Nitrogen bases 
Sugars and alkaloids 
Sulfonic acids 
Soluble 
Small molecules are solublea 
Moderately soluble, most aldehydes 
react and some ketones. 
Insoluble 
Low solubility 
Small molecules are soluble and 
react with increasing speed as 
halide size increases. 
Solubility decreases from p:t•imary 
to secondary to tertiary and all 
decrease with increasing 
molecular weight. 
Benzene and toluene are soluble, 
solubility decreases with 
molecular weight. 
Form amnoniwn salts, of which 
small molecules are soluble • 
. Small molecules are soluble and 
react .. 
Et20 is moderately soluble, large 
molecules become insoluble. 
Soluble and react 
Soluble 
Soluble 
Form soluble ammonium salts. 
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Ammonolyses, Ammonolytio 1 Ammono Aoids1 Ammono Bases, and 
Metal•Ammonia. Solutions. For the purpose or this investi-
gation~ reactions were classified to emphasize their general 
application to chemical proc~sses, rather than to the special 
interests of researchers in liquid ammonia, with the ultimate 
utility ot high frequency titrimetry. The sub-divisions were 
Oxidation-Reduction, Aoid·Base Titrations, Rate or Reactions, 
and Organic Synthesis. As with all such classifications, 
some reactions were difficult to limit to one sub-division 
and the actual assignment was arbitrary. 
Ox!,dation•l\eduction Reactions in liquid ammonia have 
been studied most intensively from the viewpoint or using 
the reducing properties of solutions of alkali and alkaline 
earth metals in liquid ammonia. The most obvious reactions 
to investigate were between the metal and liquid ammonia 
itself.; but such rea.otions were generally slow unless cata-
lyzed by finely divided transition metals such as iron~ 
Watt (1950) reviewed the literature of metal ions 
reduced by MI and MII metals in liquid ammonia, and discussed 
the results in terms of tour possible outoomes& 
Depending on the metal produced, it may (a) undergo 
reduction to lower oxidation states, (b) catalyze the 
reaction between alkali or alkaline earth metal and 
solvent, (o) react with the amide formed catalytically 
or, (d) participate in no further reactions. 
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It was interesting to note that the presence of the iodide 
ion in a reducible metal salt seemed to prevent that metal 
IJom aa.talvzintz the f'oiJma.tion of' amides. +----~~'' ,_ .... ~. ---------,-----... ------~---------------~----·-----------.--------------
The reduction of inorganic anions has been studied 
less intensively than the reduction of cations, but the 
process generally consisted of either lowering the oxidation 
state ot an ion, as in the case where No2- was reduced to 
No2·-, or the formation of multiple negative ions, as when 
sx·· was reduced to both s·- and S(i-l)• The second 
phenomenon was more frequently reported than the first. 
An idea of the scope or the reactions with chemical 
elements was given by Sisler (1961) who listed the products 
obtained by reactions of alkali metal-ammonia solution 
reductions or o2, s8, se, Te, P, As, Sb, Bi, Ge, Pb, and Hg. 
Solutions of alkali metals in liquid ammonia have 
been used to reduce a large number of acids (Audrieth and 
Kleinberg, 1953). The basic nature of the liquid ammonia 
solvent enhanced the dissociation of even extremely weak 
acids and hence promoted the reduction ot such acids to a 
greater extent in liquid ammonia than would have been the 
oaae in less basic solvents, In raot, some speoiea that 
ordinarily were oons~dered bases were reduced as acids by 
alkali metals in liqUid annnonia. For example, each or the NH2 
groups in sulramide supplied a hydrogen atom with the resultant 
formation or so2 (NH)2-~ and Hi• Some typical aoid species 
reduced by MI in liquid. ammonia were i NH4 + 1 GeH4» PH3, AaH34 
+-___ _...NH=... 3-;-~ea:-hydrazine-:-Ora;anlo-aoids .;-Phenols;-SX!.d-aloohols;;-----
The literature on the use of the ammonium ion for 
synthesizing inorganic chemicals was covered intensively by 
Watt (1950), and Table IV ha$ generalized much of the infor-
mation he presented. 
Many typical reduction reactions encountered in 
aqueous and nonaqueous chemistry also ooourred with M1 and 
Mit solutions in liquid ammonia. Oxides and halides weve 
reduced to free metals. The oxidation state of the central 
rne.tal ion in complexes was lowered, as in the case where 
Ni(ON)4-- was reduced to give KlJ.Ni(ON)0, an unusual compound 
containing zero-valent nickel. Hydrocarbon ions were pre-
pared by the reduction or acetylenes and alql halides. 
Metal to metal bonds were created by reduo~n; alql tin 
halides. And as a tinal example# electroohemioal oxidation-
reduction processes were utilized in liquid ammonia in the 
preparation or solutions ot aluminum and beryllium metals. 
Jolly (1956) pointed the way to calculating redox 
potentials tor liquid ammonia half'•reaot1ona 1 based on the 
thermodynamic treatment or standard potentials in aqueous 
--
-
-
TABLE IV 
PRODUCTS FORMED BY THE REDUCTION OF AMMONIUM SALTS 
BY ALKALI OR ALKALINE EARTH METALS 
IN LIQUID AMMONIA 
Salt Products in Addition to H2 
NH4X Mix and MIIx2 
NH4No3 ~IN02 (no~ formed) 
NH4N3 M
1N3 and MII(N3)2 
NH4CN MII(CN)2•2NH3 
(NH4)2s I ~sand ~Is 
NH40Ao M10Ac 
NH4so3N~ M1so3N~ 
NH4SC6~ Misc615 
NH4Cl04 M1Cl04 
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solution. The more generally useful values calculated by 
Jolly '\IJere rearranged to provide Table V which may be used 
to predict reactions in liquid ammonia in a manner analogous 
to the use of standard potential tables in aqueous chemistry. 
The more recent investigations on oxidation-reduction 
of Chemical Titles. Jortner (1961) discussed the interaction 
of cations and electrons in metal-ammonium solutione. 
Reinaecker and Roloff {1961) prepared catalytically active 
nickel. Two Russian articles related to studies of oxygen 
in metal-ammonia solutions; Makarov and Skovnin desor:tbed 
the "solubility of potassium ozanide in liquified ammonia 
(the ammonia-potassium trioxide system)." and Nevzorov (1961) 
investigated the "polariza.tion and transport of oxygen in 
liquid ammonia." Ugi and Bodesheim (1961) reduced both iso-
nitrile a and alkaline earth metals. Evers and Filbert (1961} 
measured the volume expansion of sodium-in-ammonia solutions. 
Tsou, Du1 and Xue (1961) used sodium to reduce insulin and 
its benzyl derivaties. Emeleus and Mackay titrated sodium 
with phosphine; arsine., stibine and germanes. The "Infra-red 
Spectra of marginally metallic systems. Sodium-ammonia 
solutions." were obtained by Beckman and Pitzer (1961). 
Sodium-ammonia solution was also used by Kocor and Kotlarek 
(1961) to reduce 2,6- and 1,5-dihydroxynaphthalene ethers. 
Berns, LePoutre, Bockelman, and Patterson studied the salt 
TABLE V 
OXIDATION POTENTIALS IN LIQUID AMMONIA AT 25° 
Couple 
L1 = 11+ + e .... 
Ba = Ba++ + 2e-
Oa = ca++ + 2e-
K = K + + e· 
e· (am) = e ... 
Na = Na+ +e"" 
Zn = Zn ++ + 2e .... 
Ni = Ni ++ + 2e ... 
Fe = Fe++ +2e-
Cu = Cu+ + e"" 
Cu = -Ctl ++ + 2e ... 
Ag = Ag+ +e .. 
I..,. = ii2(s) +e-
01"" = ic12 (g) + e-
F- = tF2(g) + e· 
2.17 
~.04 
1.95 
1.89 
o.54 
0.1 
o.o 
-0.36 
•o.,4o 
-o.76 
-1.26 
-1.91 
-3 .. 50 
0 E 1 volts Base 
~h83 
2o04 
1.95 
2.02 
-... -.. 
-..---
1•0 
-1.-26 
... 1.91 
..;3.50 
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effect of sodium chloride in sodium-ammonia $Olution. 
Lithium-ammonia solution was used by Schaub and Weiss (1961) 
to form steroid enolate anions from conjugated unsaturated 
ketones. Foster and Mackie (1962) measured the absorption 
spectra of substituted polynitrobenzenes in an investigation 
.v-----~o.f_the~int_era_ction_of_eleot~mLaoaeptox-s-with_baBea.;-------­
Hueokel and Jennewein (1962) reduced and methylated l-methyl 
naphthalene. A reaction for the separation ot• hydrogen 
peroxide in a liquid ammonia medium was reported by M1ranov1 
Dzyatkevioh~ and Vovohenko (1961). And finally~ Ichn1owski 
and Olit'ford (1961) reported a uPolarographic study of 
chromium (III) in ammonia $olvents (Divers/liquids)." 
An extensive aeries ot articles on the properties of' 
metal-ammonia solutions was written by Paoloni in the period 
1960 ... 1961. These reports summarized thermodynamic measure-
ments in l960J and electrochemical properties~ spectroscopic 
and photochemical data, theoretical interpretations; and 
electronic structure, all in 1961. 
Ao1g ... :ease Titrations in l:tquid ammonia usually have 
. . . 
involved the ammonium ion as the acidic species. Liquid 
ammonia exerted a "leveling" effect on the acid strength of' 
any proton donor which dissolved; in a manner analogous to 
the comparable aqueous phenomenon which generated hydronium 
ione. Audr·ieth and Kleinberg (1953) described liquid ammonia 
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as being umore an aoid-levelin,g than an aoid-diff'erentiating 
solvent~" pointing out that the percentage ionization ot 
acids is much leas in liquid ammonia than 1n water because 
of the lower dielectric constant of the ammonia. Typically, 
the conttersion or an acid into the ammonium ion has been 
It was furthermore pointed out that no abnormal ionic 
mobility has been observed tor the "hydrogen ion" associated 
with the ammonium ion in liquid ammonia, even though the 
.,hydrogen 1on" associated with the hydronium ion in aqueous 
solutions has displayed enhanced mobility. The conductances 
of the ammonium ion in ammonium salta have been shown to lie 
in the same range as those of the alkali metal ions in their 
co~responding salts. Equivalent conductance at •33°0. is 
between 300 to 340 tor all such salts in liquid ammonia. 
The Bronsted concept of acids has permitted the 
inclusion ot orga.n1Q antido and imido deriv:atives in the list 
ot acids that can exist in liquid ammonia.. As was pointed 
out earlier in this chapter, species such as urea exhibit 
sutt1o1ently acidic properties to be reduced by active 
metals. In the Bronated sense, solvated metallic ions also 
have displayed acidic propert1eso The am1do complexes ot 
silver., copper and zinc (Sisler, 1961) were ammine complexes 
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Which had lost protons to strong bases. For example: 
The strongest base that has been reported in liquid 
ammonia is the amide ion~ which is much stronger than the 
hydroxide ion. Thus liquid ammonia made available reactions 
that required stronger bases than were possible in water. 
An interesting example was shown in the reaction where 
acetylene was involved in an acid-base reaction with the amide 
ion, with the result that a stable solution of acetylide ion 
was formed: 
HC:CH + :N~- ) 
The existence ·Of strongly basic alkyl ions has been reported 
(Watt, 1950) as a result of reactions between RX and metal-
in-ammonia solutions. Such R- species could not exist in 
aqueous solutions, but in liquid ammonia they have been used 
to form alkyl organic metallic compounds. 
For purposes of titration~ the most common reaction 
encountered in liquid ammonia, comparable to neutralizing a 
strong acid with a strong base in aqueous chemistry, has been 
between ammonium ions and amide ions: 
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Rates. or fteagtton have been studied only to a lintited 
extent in liquid ammonia,. as evidenced bY the tact that the 
most recent review (Sisler,. 1961) made little specific 
mention ot quantitative studies. However,. the lit~rature of 
liquid ammonia was replete with qualitative indications of' 
-ll------v-"--"a=.ryi_l)g_};'A_t_~~-O_f_r_eaotion~ _often_ not explicitly ata.ted by e.n ___ ----
author whose main interest was in another aspect of the 
problem under investigation. 
The outstanding pioneer 1n the study of the physical 
chemical pttoperties ot liquid ammonia, o.A •. Kraus (1953)., 
pointed out the need for definitive studies on catalysts 
that cause MI and MII metals to react with ammonia to form 
amides. He suggested that any finely diVided surface could 
act as a catalyst~ although oxides and metals were known to 
be especially effective. The amide reaction was usually a 
source or dif*ticulty at low metal concentrations,. and may 
have competed with A desired redox syntheses. 
Another indication of comp.etitive rates was implied in 
those inv~:ustigations which. described the ;yields of several 
· p:rO<luots that resulted from a particular ~eaotion. For 
$xample~ Audrieth and Kleinberg (1953) described the action 
ot liquid ammonia on halogenated hydrocarbons. In general, 
iodides were stated to be moat easily subJected to solvoly-
a11l with the resultant formation or am1nes and ammonium 
iodide; but at the boiling point of liquid ammonia~ even the 
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reactions of iodides were "rather slow." Further1 in d1souss-
. ing the ammono17sis of specific compounds; it was noted that 
both primary a.mines and secondary amines were tormed, with 
the relative amount of the primary amine being larger when 
the alkyl group was larger (10 per cent RNHg from n-amwl 
bromide and 90 per cent __ RNHo f'ttom n-dndAnvlh:ttnm:tdP. L +-------- --------------.------- -- - - .._ -~-~ -~-~ ....,...,... ..,...-'"r-- ...... -w~ ~ .... ....,..,~-.-~--,'!"" 
These authors also reviewed the ammonolysis reactions 
for esters and reported items of potential interest f:r:tom 
the standpoint or rates: 
The extent ot ammonolysis 1s.def1nitely dependent 
upon the natu:t:-e of the ester. For instance, ethyl 
esters of formic, acetic, propion:to, valex-1o,. caprylic 
and pbe:nyla.cetic acids undergo no appreciable reaction 
when allowed to stand w:tth liquid ammonia at -33oo. for 
a period as long a$ 24 hours. The ethyl esters of 
mono-, di•, and triohloraoetio acid give quantitative 
yields of' corresponding amidea under the same conditions. 
Ethyl oxalate is rapidly and completely converted to 
oxamide. Ethyl malonate also undergoes ammonolysis 
quite rapidly. · 
Rate studies, begun concurrently in Russia by 
Shatertshtein and the u.s.A. by Audr1eth1 were performed on 
the ammonium ion oa.talysia of a larger number of' esters; but 
the.anunonolysis was carried out at temperatures above the 
boiling point ot ammonia. Watt and his students at the 
Un:tvera:lty of Texas, in the early l940•s,. found that all 
electrolytes acted as catalysts for the •nnnonolysis. or 
organic he.l1des1 but again t.he work was at elevated tempera• 
tures. 
A survey of the literatu:t:-e pUblished in the past two 
*------
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or three years has been undertaken with the help of Chemical 
Titles. No great increase in the volume of research related 
to kinetic studies was noted, although the research on liquid 
ammonia of the three early investigators, mentioned previously 
has continued. Watt and Vaughn (1961) reported evidence for 
a "trans" e.ft_ect _ _j_n_]_ll_e __ o~r~_atlE!dral spin-paired cobalt_ (III) _____ _ 
complexes as a result of their investigation o.f the mechanism 
or eleotrodeposition of cobalt in liquid ammonia. 
Shatenshtein and Ranneva (1961) considered the factors affect-
ing the mechanism and partial rate of deuterium exchange in 
both dimethyl aniline and liquid ammonia; and Shatenshte1n 
(1962) published an article entitled 11Mecnanism or the pro-
toph111o substitution of hydrogen in aromatic compounds by 
means of hydrogen isotope exchange with liquid ammonia." 
A typographical error was undoubtedly present in the spelling 
ot Shatenshtein's name in the report by Astafev, Rabinovich 
and Sohatenshtein (1961) 1 that described the mechanism by 
which potassium amide initiated styrene polymerization in 
liquid ammonia. 
Tesi and Audrieth (1960) strayed somewhat from the 
study of rates or reaction but maintained their interest in 
liquid ammonia by the "Quantitative determination of some 
halogens and halogenides of phosphoronitrile by means of 
metallic sod :tum in liquid ammonia"" 
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Haul, Ihle, and Schierholz (1961) reported on 
deuterium exchange between hydrogen and liquid ammonia, 
using potassium amide as a catalyst. Shima, Wakamatsu, and 
Inoue (1961) studied the solvent catalyzed alkylation or 
active methylene groups in liquid ammonia. 
Organic SY!Jth.es1.s-~- -The- Sisler (1961} review,- - - ------ -
classified those organic and organo-metallic reactions that 
had been studied into five categoriesJ {1) metathesis 
reactions which took advantage of solubility characteristics 
ot substances to prepare compounds such as metal alcoholates, 
(2) and (3) reactions of ammono acids and bases (previously 
discussed in this chapter under the heading 
Acid•base titrations),. (4) reactions or metal-ammonia 
solutions (previously discussed in this chapter under the 
heading OXidation-reduction reactions), and (5) ammonolyses. 
Some of the ammonolysis reactions mentioned by Sisler 
were previously discussed in this chapter under the heading 
Rates or reaction.. for example the reaction or alkyl halides 
to rorm aminea. The other large class ot reactions surveyed 
was that or the esters which were usually converted to acid 
am1des. Reactions of ammonia with nit:riles and with the 
unsat~ated hydrocarbon portions ot esters were discussed 
also. 
In general, the Sisler review seemed weaker in the 
. ~ . ' . 
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discussion or organic reactions than 1n its treatment or 
other reactions 1n liquid ammonia. · Therefore 1 the review 
of the recent literature on the reactions or organic species 
in liquid ammonia was allowed to over-lap Sisler's work 
and include all or the researches reported in Chemical 
*-----___ -----=:Ti=-tle_s_.___ --- ---
A relatively large number or the investigations ot 
organic chemistry in liquid ammonia took advantage of the 
reducing properties of metal-ammonia solutions and some or 
those were mentioned earlier in this chapter under the 
other headingsJ but, in general, such reactions have been 
re1terat_ed in this section or the chapter for the convenience 
of the reader chiefly interested in organic chemistry. 
~gano-metallio references have been included in this 
section also, 
A pair of articles has appeared on using the reducing 
powers or metal-in-ammonia solutions tor opening rings 
1n organic compounds and for syntheses. Suquet and Schmitt 
(1960) used ethanol and lithium in liquid ammonia for 
"opening the heterocycle of some alkylpheno~ thiaz1nea 
at the nitrogen ••• '* Tomita and Uj1:te (1961) cleaved some 
heterocycles containing sulfur and oxygen by means of alkali 
metals in liquid ammonia. 
Ugi and Bodenshe1m (1961) reduced 1sonitri1es. 
Sodium in liquid ammonia was used by Tsou, Du1 and Xue (1961) 
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to reduce insulin and its benzyl derivatives. Shimo and 
Wakamatsu (1961) synthesized dl~glutamio acid by the Michael 
reaction of ac:etam1domalon1o acid and acetam1docyanoa.cet1c 
acid derivative with acrylic acid derivative. Kocor and 
,Kotlarek (1961) reported the reduction of' 2,6-and l 1 5•d1-. 
hydroxynapthalene ethep~_by _ao911.ll11. ___ Repopts_ related to_ the 
{l-----~-
synthesis or steroids involved hydrophenanthrene and hydro• 
chrysene de:ttivatives, as synthes:1.zed by Nagata,. et al • ., 
(1961)., and the lithium-ammonia reduction of conJugated 
unsaturated ketones by which Sohaub and Weill (1961) formed 
"steroid enolate anions. •• Shimo, Wakamatsu, and Inoue (1961) 
reported on "solvent catalyzed alkylations of active methy-
lene groups in liquid arnm.onia." Shatenahtein (1962) discuss-
ed the mechanism of' the protophilio substitution of hydrogen 
in aromatic compounds by means of hydrogen isotope exchange 
with liquid ammonia. Absorption spectra ot substituted 
. pol.ynitrobenzenea in liquid ammonia were disousaed by Foster 
and Mackie (1962). Huokel and Jennewein (1962) reduced and 
methylated 1-methyl napthalene. Phenanthrene was reduced 
with sodium by MaJer (1961). And finally~ mention should be 
made of' the tact that Reinaecker and Roloff (1961) prepared 
catalytically active nickel by reduction in liquid ammonia. 
(The preparation of catalytic nickel, although an inorganic 
reaction, was thought to be of chief interest to organic 
chemists interested in the hydrogenation of organic 
i 
I 
F 
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compounds,) 
In connection with organo-metallic compounds, Behrens 
has participated in the investigation or the addition or 
metallic oarbonyls to liquid ammonia with an article (Behrens 
and Hagg, 1961) on the binuclear metal compounds of chromiwn 
dinickelate (-l) (Behrens and Loh.oef'er, 1961; and Behrens, 
Zizlsperger, and ~auoh, 1961). Behrens and Zizlsperger (1961) 
reported on the reactions of nickel carbonyl with liquid 
ammonia and with sodium boroh.ydride 1n liquid ammonia., 
APptioation• 12. H&ihFreg.uenc;t; Titri\,metry,. The fac-
tors which determined the selection or particular liquid 
ammonia reactions tor study by high frequency methods tell 
into two categoriesJ and., althOugh the gross f'eatUI'es of 
these categories were apparent., it was believed thAt some or 
the less obvious aspects were of su:!'ticient intex-est to 
warrant discussion and exemplification. 
1. Titrations in which ionic species were precipitated 
would have caused large changes in instrument 
response and would have given snarp end points as 
the capacitance of the cell decreased suddenly. 
Some metatbesis and neutralization x-eactions 
belonged to this oategorys but or even greater 
. interest were the reactions or a conducting ,~ 
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species with the 1301 vent, For exam.ple, in an 
earlier portion of this chapter, it was mentioned 
that the highl;r ionic sodiwn•ammonia solution was 
converted (when catalyzed) to a suspension of 
insoluble sodium amide with hydrogen gas bubbling 
il--------------=-ou=t"'-----'o=£---=t=he=------m=u=· ~t~ur~e ~___Af.ll_ehown___J._n_e_qt.mj:;_i~Qn_(l_}, 
(l) 
During the time that the sodium concentration 
exceeded the response limits o£ the titrtmeter, 
no decrease 1n oell capacitance would have been 
observed, but as the sodium concentration decreased il' 
to within the aensitive range of the titrimeter, 
the instrument readings would have decreased, 
along with the sodium concentration, until the 
nno response" pattern of insoluble sodium-amide 
was. obtained as a constant reading. A titration 
oux-ve like the one shown :tn Figure aa would have 
resulted from such a reaction. The reaction of an 
alkali metal to give a soluble amide, tor example 
potassium# probably would not have resulted 1n a 
"useable" tit:t-ation curve. 
The time required for a given weight or sodium 
Q) 
IQ 
~---------0 p. 
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to x-eaoh the .. end•po1nt" could have been measured 
(part A pf the titration curve) and used to cal-
culate rate constants tor the reaetionj or the 
portion of the titration curve that represents the 
maximUm change in instrument response (part B of 
~~~~~~~~~~he~~it~~~i~n_o~ya)_op~ld_b~_~Qll~~-by_an_au~to~-------­
matio recorder to give a sensitive indication ot 
time versus sodium metal concentration~ again 
perm1t1ng the oa.loulat1on of rate constants. 
Metath,esea ana neutralization reactions would 
result in a curve like that of Figure 2a only in 
those oases where some or the reactants were ionic 
and all or the products ot the reaction were 
eitber.inaolUble or non-ionic. Many reactions 
that at first seemed to be ot these types would 
nave had sufficient ionic concentration remaining 
after the end point to exceed the response limita!3 
of the t1tr1mtter anch therefore, would have been 
difficult to work with unless the concentrations 
ot reagents were carefully controlled~ Equation 
(2) ha$ been written to represent a neutralization 
reaction that would result 1n curve laJ and 
equations (3) and (4) have been written to repre-
sent a comparable neutralization rea.etion and a 
metathesis difficult to follow by means of high 
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frequency titrimetry, even though there would be 
fewer ions pretllent atter reaction than before. 
In the equations, solid substances ot low solu-
bility have been underlined and soluble species 
have been shown in ionic form. l~-+------
2K + 2NH2"" + (NH4)2so4 --7 K2so4 + 4NH3 (2) 
(3) 
Bo++ + ~"~N03"" + ~"~NH4+ + s--~ B S ~"~NH + ""NO - (4) ~ e;;. e;;. ~ ...;JL+e;. 4 +c: 3 . 
2. Titrations in which insoluble substance react to 
torm soluble, ionic species would have resulted 
in large changes in instrument response and would 
have given sharp end points as the capacitance of 
the cell increased suddenly. A similar change 
would have occurred in those oases where a non-
ionic substance reacted with the solvent (or some 
other non-ionic molecule) with t;he formation of 
ionic products. In such instances, a curve like 
the one in Figure 2a would have resulted. 
Neutralization reactions could have resulted 
in curve 2a, 1£ the original acid or base was 
insoluble and the final solution contained a 
-
·-
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soluble salt~ However, if' either the reacting 
aoid or the base was insoluble and the resulting 
salt was also insoluble no titration curve would 
have been obtained. Similarly, it both the 
reacting acid and base were soluble and the 
would nave resulted., Equation (5) has represented 
a neutralization reaction that would have resulted 
in the type curve shown 1n Figure 2a. The part or 
the curve that was generated subsequent to the end 
point was essentially the salt response curve for 
the salt formed in the reaction. 
) 
The solvolysis reactions or alkyl halides 
would have resulted in the formation o£ curves 
(5) 
like 2b. A generic substance has been shown under-
going such a reaction in equation (~). 
RX + 2 NH3 ----7 R~ + NH4 + + x- (6) 
However, these reactions have been catalyzed 
by ammonium ion, and it would have been possible 
to use such a large concentration ot the catalyst 
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that no titration curve would result. 
Titration curve 2b could have been used for 
rate studies in a manner analogous to the use made 
of atwve 2a. The reaction up to the end point 
could have been timed~ or the section or the curve 
--!1---------__ w.ith __ rapidly_increa sing __ ins_trument re sponae __ could _______ _ 
/ 
_;. -
have been recorded to get an accurate indication 
or the concentration changes versus time. 
The discussion presented in this section of the 
chapter has been limited to those reactions in which large 
changes ocoured in the concentration of ions, and the pre-
sent investigation has been designed to investigate such 
changes. By the careful selection of the substances involved 
in a particular type of reaction so that the solubility and 
ionia changes_ result in large instrument response, it has 
seemed possible to study a variety of reactions involving 
acid-base neutralizations, oxidation-reductions, rate studies 
and organic synthesis. 
No doubt more subtle changes in instrument response 
also would have had interest. Presumably the high frequency 
titrimeter could have responded to dielectric changes leas 
drastic than those represented by molecule-to-ion conversions; 
for example, t_he solvolysis of an ester to an acid amide. A 
preliminary investigation ot the capacitance changes in the 
hf-cell by the addition of high dielectric, non-ionic 
molecules t.o liquid ammonia could have been a step toward 
the study- of such reactions. 
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OHAJ?TER IV 
A TITniMETER CELL ~UITABLE FOR USE AT LOW TEMPERATURES 
Des~. The arrangement of electrodes in cells used 
in conventional room-temperature high frequency studies has 
+--------been-inveatigated-by_many __ ;researchera~ and a_sur\Te~r of_the ________ _ 
efforts suggested three major design categories as indicated 
in the schematic drawing of Figure 3. The unusual designs ot 
Conseiller and Courte.ix (1958) have been largely ignored by 
other investigators. 
The decision was made to modify the design shown in 
Figure 3c, by enveloping it in an evacuated Dewar~type glass 
jacket; (l) in order to keep a uniform sepa.ration between. 
fiXed concentric electrodes 1 and (2) in the belief that the 
d:t.electric material between the eleotrodes was being sub• 
jected to more uniform stress than was possible with designs 
3a or 3bft 
The size of the electrodes was arrived at in consulta-
tion with Dr. H,G. Frye (1961) on. the basis of his experience 
with both the 120 megacycles per second instrument built as 
the University of the Pacific (Clinkscales and Frye~ 1960) 
and the com.me.roially available . 5 megacycles per second 
Sargent Model V Ohemioa-1 Oscillometer., The final dimensions 
were chosen to give a cell that responded to eaeh of these 
available instruments, and the result is shown sohemat3.cally 
'· 
' 
; 
I 
a. Curved electrodes 
b. Side and bottom electrodes 
_..:....-
c. Concentric-band electrodes 
Fi~re 3. Three main types of cells used with high 
frequency titrimeters. 
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in Figure 4. 
Construction. The glass walls of the cell consisted 
or conventional pyrex tubing with the inside cylinder being 
twenty~tive millimeters, inside diameter, and the middle 
cylinder being forty-five millimeters, inside diameter, The 
outside cylinder was seventy ... five millimeters, inside diam-
eter • The copper electrodes were cut from twenty gauge 
copper sheet and silver soldered into twenty-five millimeter 
wid.e bands or the appropriate diameter to allow a tirm fit 
against the respeotive glass surraoes. Stranded eighteen 
gauge copper wire wa.s silver soldered to each eleotrode, and 
$$Ch piece or stranded wire was also silver soldered to 
twenty~rour gauge tungsten wire which was the portion of the 
electrical lead that passed through the outside g1aw~ wall of 
the cell. The use or tungsten minimized the problems inherent 
in making a vaouum.tight glasawto•wire aeal 1 but tungsten was 
not au1t.able for the entire lead because ita stiffness woul4 
have caused undesirable shifting or the electrodes during the 
process of annealing the glass portion of the oellfl Af'ter 
the eleotrOdes were in place and the leads brought through 
the glas.a wall, the bottom ot the outside glass cylinder was 
rounded ott and attached to a piece or twelve millimeter, 
inside diameter, heavy•walled glass tubing suitable for 
attachment to the vacuum pump. The cell was annealed and the 
~--~--~----~---~~ ~~ ---~ -- --
Figure 4. The hf-cell for low temperature studies with 
hi~h. frequency titrimeters. 
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electrodes were cleaned of copper oxide with dilute nitric 
acid. The pressure in the Dewar section of the cell was 
reduced to 10·6 millimeters of mercury, and the bottom tube 
was sealed orr. The cell held approximately fifty milli-
liters when filled to the top of the inner cylinder and 125 
+-~~~-milliliters_ brim _full a 
The resulting low temperature cell was labeled the 
hf-cell as a conveniently short name, suggestive of both 
its originators and its function. 
In order to attach the hf•oell to both the CF-120 
Titrimeter and the Model V Chemical Oscillometer in a manner 
that would minimize the effects of extraneous electrical and 
magnetic fields, the cell was mounted in a silver plated 
brass cylinder, recovered from war surplus radar equipment. 
The eighteen gauge brass ground-ring, shown in Figure 4, was 
designed to serve also as a suspending support which centered 
the hf-cell in the cylindrical shield, as shown in Figure 5. 
The tungsten wires projecting t'rom the outside wall of the hf'-
cell were soldered with electrical grade tin solder to 
stranded wire·a leading to a bakelite case equipped with 
banana prongs arranged to plug directly into the OF-120 
Titrimeter. Alligator clips from these banana prongs to the 
coaxial cable input of the Model V Chemical Oscillometer 
permitted convenient interchange or the hf'-cell between the 
two instruments. 
; 
I 
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Figure 5. The hf-cell in its metallic shield. 
:::::;--
~ 
; 
I 
;r==~-~~~-~- -~--- . ~-- ~~-~-- -~--
50 
When used at room temperatures, no particular atten-
tion was given to the problem of sealing the brass oyl1ndr1• 
cal shield so as to keep condensed moisture away from the 
tungsten leads. However, at temperatures representing the 
liquid range of ammonia, all openings in the oyl1nder were 
This seal included the cylinder-to-glass .section where the 
top or the hf-oell extends from the shield. Glass tubes of 
oalciu.m sulfate drying agent were loosely plugged at eaoh end 
. with glass wool and taped inside and to the bottom or the 
sh1eld 1 thus keeping to a minimum the vapor pressure or water 
in the sealed -orr spa.oe .. 
Cell Caf!!gitanoe CalclJ.lation.s. The mathematical 
relationships pertaining to the design of cells compatible 
with a particular oscillator were thoroughly described by 
Sherrick, Dawe, Karr and Ewen (1954) 3 and ha~e not been 
summarized in this dissertation. The same authors developed 
equations for calculating the cell constants ot conoentrio-
bancl cells, analogous to the hf-oellJ .and the pertinent 
relationships mtve been organized in Table VI for oonven• 
1ent reference. 
The entire group of equations rests on the assumption 
that the capacitance or the cell was equivt;J.lent to a single 
parallel plate condenser where the metal plate areas were 
I_ 
L_,_ 
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~ABLE VI 
SUlY.lMARY OF EQUA~IONS FOR O.ALOULATING CELL OONSTAN1J!S, 
CAPACITANCE, AND DIELECTRIC CONSTANTS IN 
HIGH FREQUENOY RESEARCH 
Equation 
Number 
4-2 
4-3 
4-5 
4-6 
Relationship*- Comment 
For determining ·the 
------- ---- - - - - total capaci ta.noe -- ----
e~ £(K ~ 1) 
KJ:I;l+BK 
of the system. 
A special form of 
4•1 with air or a 
vacuum in the cell• 
:b'or the determina-
tion of dielectric 
constants from 
instrumen·t dial 
units. 
For getting 00/Cg to 
use in 4-3 with 
nonionic systems. 
For getti:ng 00 /0 g to 
use in 4 .... ; with 
ionic systems. 
For calculating di• 
electric constants 
from scale unite 
without 0 /fJ ,..· 0 ~ .... · .. • 
1t- Symbols have been described in the dissertation, 
-----, 
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separated by two kinds of dielectric materiali (l) the glass 
walls between the metal rings., and (2) the fluid in the 
annular space or the cell. Because the two glass walls were 
constant in thickness and dielectric constant, the total 
capacitance (C) was considered as that of two capacitance 
in series, one or the capacitances being fixed_ (CC'I'} and the 
~-------~ ~-~ ~---~---~------------ ~~ ~- ~~ ~~ . o· 
other variable (06 ). When the cell contained air (ideally a 
vacuum) with a dielectric constant (K) of one., the total 
capacitance was given the notation C0 , The term S was used, 
with an appropriate subscript., to represent instrument scale 
readings. Thus s1 and s2 stood for two different instrument 
dial values in a particular experimental determination using 
solutions with dielectric constants of K1 and K2 respectively, 
Similarly, the SKCl and Bw represented instrument dial values 
taken with potassium chloride solution and water. In order to 
convert instrument dial values to absolute capacitance units, 
the various cell constants needed to be evaluated by oompar• 
ison with a standard condenser. 
Attention has been called to the qualitative differ-
ence ot the instrumental response obtained in systems ot' low 
die leo trio constant and that obtained in ionic solutions. 
Equations 4-4 and 4 ... 5 have been developed to allow determi-
nations to be made in either type of system, 
Equation 4-6.involved two generalized constants 
A and B. By measuring the S values of two different known 
dielectric liquids, simUltaneous equations were set up which 
permitted calculation or A and :e. Once established'" the 
values of A and B were used to determine K for other liquids 
in subsequent measurements, The use of equation 4-6 resulted 
in the avoidance of a calculation of 00/Cg• In actuality A 
+------is_equal_to-00 -and--B-is-equa.:!.-to C0 -w.lltipl1ed by. the .term--·----·-·-·· 
( l 2 ) 
.--c- - w t, g 
which includes ef'tects.caused by the inductance (L) of the 
system and the frequency of the instrument (w = 21T f'). 
CHA.Pl'ER V 
THE PREPARATION OF REAGENTS 
Lig,uids. The liquids used in this investigation were 
water, methanol, ethanol, acetone, carbon tetrachloride, 
-11------l~iod_opropane_, __ b_enzene __ and _ammonia • __ The _detail_s reg$rding ____ _ 
source, purity and special treatment have been given for each 
substance. 
Water from the distilled water tap in the laboratory 
was redistilled in glass equipment without a fractionating 
column and stored in a glass-stoppered borosilicate bottle 
equipped with an "asoarite" tube to minimize re-solution of 
carbon dioxide. 
Methanol was purchased from Matheson., Coleman and Bell. 
The uabsolute, ACS Analyzed Reagent" was stored in a glass 
stoppered borosilicate bottle and used without further treat-
ment. 
Ethanol was purchased from Commercial Solvents Oorapany .• 
The anhydrous product (tax-free, 200 proof) was transferred 
from the original five gallon container, stored in glass 
stoppered borosilicate bottles, and used without additional 
treatment. 
Acetone was obtained from a stock room bottle that 
was not the original container. The liquid was stored 
several hours over freshly heated silicon dioxide drying 
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agent and distilled in glass equipment without a fractiona-
ting column. The middle 80 per cent fraction of the sample, 
distilling at 57°0. (uncorrected), was stored in a glass-
stoppered borosilicate bottle. Wash-grade acetone, of no 
special purity, was used to make the co2 slurries. 
Carbon-te-trachloride was obta:tned_f.xaom_a stock room 
bottle which contained no information regarding its source. 
The material was stored for several days over freshly heated 
silicon dioxide drying agent and redistilled in glass equip-
ment without a fractionating column. The middle 80 per cent 
portion of the sample, distilling in the range 74.5 - 76.o0c. 
(uncorrected), was stored in a glass-stoppered borosilicate 
bottle. 
The 1-iodopropane, obtained from Matheson, Coleman 
and Bell, was used without additional treatment. The boiling 
point range was given as 100·102°C. 
Benzene was withdrawn from a bottle in the stock room 
which was not the original container. The liquid was dried 
several hours over freshly heated silicon dioxide drying 
agent, and distilled in glass equipment without a fraction-
ating column. The middle 80 per cent portion, boiling in the 
range ao.o - 80.5°0. (uncorrected), was stored in a glass-
stoppered borosilicate bottle. 
Armnon1a was purchased from the Braun-Knecht-Heimann 
Division of the Van Waters and Rogers Company~ The 
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refrigeration grade, anhydrous material was delivered in a 
350 pound pressurized tank (96 p.s.i.g. at 60°F.) equipped 
with an X-type dip-stick outlet valve. By rotating the tank 
to the appropriate side it was possible to remove either 
liquid or gaseous NH3. All or the liquid ammonia used as a 
-:--~~~__.S_Ol'l'etnJ;_in_the __ pr_esent_r>esearch was drawn from the. cylinder ______ _ 
as a gas and condensed (carbon dioxide-acetone slurry) into a 
glass vessel containing pieces of sodium metal. The inlet 
· tube of the glass vessel was arranged so that incoming gas 
was bubbled through a solution of sodium-in-ammonia and the 
space around the inlet tube was packed with glass wool. 
Thus, the glass vessel served as a 11 scrubber 11 for the incoming 
ammonia gas. After a sufficient quantity of' gaseous ammonia 
was condensed for a titration, the liquid was allowed to 
warm up and pass from the "scrubber" to the hf'-cell in the 
gas phase. The purified ammonia gas was re-condensed into 
the hf'-cell by means of' a cold finger filled with a carbon 
dioxide-acetone slurry. 
The "scrubber" served as a purifier of incoming 
gaseous ammonia, even after its own supply of metal-in-
ammonia solution had been lost as a result of ammonia evapora-
tion. The unreacted sodium metal from the sodium-in-ammonia 
solution was deposited over the entire surface of the glass 
wool, resulting in the exposure of "make-up" ammonia gas to a 
large surface area of sodium metal. The "make-up" gas was 
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occasionally required to adjust the amoun·t of liquid ammonia 
in the hf-cell to the desired volume. 
The ammonia inlet ·train included a graduated cylinder 
fastened to the cold finger by means of' new, black-rubber 
pressure tubing. Occasionally, the gas evaporating from the 
~---___."a__e_r_ub_l:>_e_r~_was_c_oridenseQ into the graduated cylinder in order ______ _ 
to obtain an accurate liquid volume measurement. In those 
instances, the liquid was poured from the graduated cylinder 
through the rubber tubing and into the hf~cell. At no time 
was there any residue in the hf-cell that would suggest 
materials had been leached out or the rubber tubing by the 
liquid ammonia,. but no specific tests were performed to prove 
that such was the case. 
Solids. Most of the solids consisted of salts and 
the treatment was determined largely by the detailed proper-
ties of the particular compound. A large group of recently 
purchased, freshly opened,. non-hygroscopic salts were merely 
stored :tn des sica tors over anhydrous calcium sulfate. For 
convenience, salts of that type have been listed in groups 
according to source so as to avoid a tedious repetition of 
the procedures used in working with them. Balta requiring 
special treatment have been discussed individually. 
Lithium fluoride and sodium bromide were obtained as 
''Certified Reagents 11 from the Fischer Scientific Company. 
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The K and K Laboratories supplied rubidium chloride, 
99.,8 per cent; rubidium bromide, 99.8 per cent,. caesium 
ohloride 1 99 per cent, and caesium iodide, no per cent purity 
given. 
Ninety nine per cent pure cobalt trifluoride was 
Baker and Adamson supplied reagent grade A.c.s. 
potassium chloride crystals; reagent grade potassium fluoride 
(anhydrous, granular); reagent grade A.c.s. potassium bromide 
crystals; reagent grade A.c.s. sodium fluoride powder; 
reagent grade A.c.s. cupric nitrate crystals; reagent grade 
cupric bromide; and reagent grade granular ammonium sulfate, 
Anhydrous calcium sulfate, "Drierite," was the product 
of the W,A. Hammond Drierite Company. 
The J.T. Baker Chemical Company was the source of c.P. 
chromium fluoride powder; n:aaker 1s Analyzed", C.P. cadmium 
containing 99.2 per cent of the hexahydrate. 
A few materials were stored in bottles that were not 
the original containersJ and therefore_. the original purveyor 
was not determinable. The general appearance or the compounds 
suggested that they were reasonably pure, so no attempt 
was made to purchase new supplies with precisely known 
purities. Substanoea in this category wereJ sodiunt iodide, 
sodium metal (approximately one pound extruded chunks, 
stored under xylene), potassium metal (stored under 
toluene), sodium chloride (labeled u.s.P.), and antimony 
trifluoride (a student preparation). 
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The only available ammonium iodide contained a brown 
iodine impurity which was washed out with carbon tetra-
:-------Chlo!'-ide-.--The resulting-white -granules -were dried in a 
vacuum desiccator over anhydrous calcium sulfate. 
Ammonium fluoride was prepared by neutralizing aqueous 
HF (stored in a wax bottle) with concentrated reagent grade 
ammonium hydroxide. The resulting solution was filtered 
through paper and evaporated to dryness at room tempera.ture 
in a vacuum desiccator. 
Silver iodide was prepared by adding a slight excess 
or tenth molar aqueous silver nitrate to a concentrated sol-
ution of ammonium iodide. The resulting yellow precipitate 
was filtered out on a fritted glass runnel and washed 
successively with one molar ammonia, distilled water~ and 
acetone. The product was dried at reduced pressure in a 
vacuum des.iccator over anhydrous calcium sulfate. 
CHAP!'ER VI 
THE USE OF THE HF-CELL WITH THE CF-120 TITRIMETER 
T1~r1m~te:r Modif'ioattona and Operatiop. The mounted 
and shielded hf~cell was designed to connectl by means of' 
the plastic cell and the associated cell holder described 
in the Clinkscales (1957) University of' the Pacific thesis. 
Two minor changes were made in the output detection 
section ot the instrtment. The ear-phones were replaced with 
a Heathkit Laboratory Oscilloscope, with the beat-frequency 
being fed into the vertical inputJ and the National "one 
thousand-to-one" dial,~~ which had become defective, was re· 
placed with a somewhat less sensitive dial obtained from 
war ... surplus radar equipment. The replacement dial had 
approximately a two hundred-to-one ratioe The exact ratio 
between the tine and coarse dials was not considered impox-tant,.. 
because only the differenae between successive readings was 
used in plotting the final titJ'ation or response aurve~. 
Reproducibility of readings of the fine dial was 
1nve.st1gated by repeatedly turning the dial clockwise and 
counter-olookW'ise past the resonance point. On the basis of 
about 200 readings~ the reproducibility was found to be plus 
or minus three. When the coarse dial was changed and an 
attempt was made to set it back to the place from which it 
; 
I 
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was moved, without watching the oscilloscope, the repro-
ducibility averaged plus or minus eleven fine-dial units. 
with an ocaaional vaX'iat1on of' as much as twenty-five fine 
dial units. However, when the oscilloscope was watchedJI it 
was possible to set the fine dial at any desired point and 
+--~ __ _.,.ad jy_s_t__t_b~_j._l'Uit~u.m_e_n't;_ py_ mea11s Qf _the_ coars_e d i_a J, until the _______ _ 
resonance pattern appeared on the oscilloscopeo This was 
interpreted to mean that only the reproducibility limitations 
of' the fine dial were of significance in the operation of the 
CF-120 Titrimeter. 
The titrimeter signal on the oscilloscope was capable 
of' being adjusted to a thin-lined, practically flat ellipse 
with the long axis symmetrically oriented around the 
horizontal zero-line of _the oscilloscope. When resonance 
was almost established, the signal line broadened in the 
vertical direction to a maximum determined by the setting of 
the variable resister in the output of the CF-120 Titrimeter. 
At the exact point of resonance, the oscilloscope signal 
·, -· ·>suddenly collapsed to practically zero and then, just as 
suddenly, returned to maximum as the dial was turned past the 
point or resonance. 
The circuit of the CF-120 Titrimeter generated 
harmonic resonances which caused the oscilloscope to go 
through the same rise-fall-rise pattern as did the funda-
mental resonance. The harmonic resonances appeared when the 
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dial was turned either clockwise or counter-clockwise from 
the fundamental resonance, but the extent or the vertical 
rise of the oscilloscope signal was considerably less than 
the rise obtained for the fundamental resonance. By adJust-
ing the fundamental resonance to give a full scale vertical 
-!1-----~ria_e_juat __ prior_to the_ resonance dip, a rise of thirty ... four ______ _ 
units on the Heathkit Oscilloscope picture tube~ it was 
possible to estimate the intensity of the harmonic resonano$s 
by measuring the extent of' their vertical broadening. Two 
categories or harmonic resonances were observed, those of 
medium intensity, giving essentially a halt-scale rise or 
about fifteen to twenty units"' and those of weaker 1ntensity.-
generat1ng a rise of six to eight units. After some practice 
with the instrument no difficulty was experienced in deciding 
when the fundamental resonance was being observed. 
Res~onse Patterns. When the ht-cell was plugged into 
the OF-120 Titr1meter and an attempt was made to follow the 
changes in all of' the resonances.- both fundamental and 
harmonic,. as the cell was filled with liquid, a bewilcle:rine; 
'Sequence of' changes oooured as the level ot the liquid 
increased. Both harmonic and fundamental resonances appeared 
on the oscilloscope at a particular liquid level, and these 
changed systematically ae the liquid level rose •. Eventually 
however, when the hf-cell was filled to a point past the 
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lower edge of' the ground ring, a particular fundamental 
resonance, with its associated harmonics, became sta.bl1zed. 
Figure 6 shows the filling pattern observed with water and 
acetone. (Acetone was chosen for work at room temperatur4e 
because it had a dielectric constant approximately the 
1---------------""saJJlLE:lS_l_igUid __ amrno_nia_at __ its boiling point)~-- rrhe filling 
pattern for the acetone below thirty milliliters was omitted 
to increase the legibility of the f'igure 3 but it closely 
paralled that of water. 
No significance has been attached to these patterns 
below the forty milliliter or "full" level of the hf ... call. 
Above the "full" ·level1 the pxaesenoe of harmonics along with 
the fundamental resonance made it imperative that the 
operator of the instrument follow a particular signal through-
out the course of' an experimental determinationo 
It was apparent that the hf-cell should be filled 
with at least .forty-five milliliters of liquid in order• to 
give signals at a constant dial reading., but in practice., 
stirring the contents of the hf'-cell l"equired at least 
seventy•five milliliters of liquid. Thus, experimental 
difficulty was not created by the fluctuating response 
pattern obtained when the cell was partially filled. 
An interesting application or these filling pattern 
data was envisioned when a large dial change was expected in 
a particular determination. In some oases, for example if 
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acetone was the solvent, it was desi:t;>able to follow the 
increase in the weak harmonic rather than the fundamental so 
as to leave more "room" on the dial for dial increaf:!Ses occur ... 
ing during the experiment. 
~erimental R,eaults. The capacitance of the hf·cell 
was too -large-to- permit- the use of-significant amounts --of-------------
ionic substances in aqueous solutions. When attempts were 
made to study ionic solutions$ the CF-120 Titrimeter ceased 
to resonate in a manner that could be followed by the 
osaillosoope. From the operators point of view~ the harmonic 
being tracked on the dial went off soale and no othet' 
harmonic respnances appeared at any point of the dial. 
Suddenly, the signal just ceased to exist. To a degree# the 
saJ:Ue problem was encountered even when a liquid with a lower 
dielectric constant than water was used as the solvent; but 
oscillation could be maintained,if, rather than ionic sub-
stances, some low-dielectric material was added to the 
solvent~ 
The results obtained with the addition of water to 
methanol and acetone have been summarized in Figure 7. The 
ohoioe of these solvents reflects the faot that their 
dielectric constants bracket that of liquid ammonia at its 
boiling point. 
In Figure 8, the results have been shown of an attempt 
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to add a aalt to a solvent such as acetone which has a low 
dielectric constant in comparison with water. Aqueous 
solutions of potassium chloride contained sufficient water to 
keep the salt in solution in the acetone; but~ the CF-120 
Titrimeter ceased to oscillate when any significant amount of 
+----__ s_a_l_t_wjia_add_e_d_ .. __ Th.~ __ 't!trllt;ion_ curve witll_ pure wate:t> _was __ 
included tor comparative purposes. The low ionic concentra-
tions permissible and the inherent undesirability of working 
with a three component miXture caused an abandonment of this 
type or investigation. 
The use or salts which dissolved directly in the ace-
. tone~ without requiring the solubilizing effect of water, was 
considered a more promising a.rea or study. The addition of 
acetone solutions of cadmium iodide to pure acetone was 
investigated and the results have been presented in Figure 9. 
The equipment arrangement permitted the slow evaporation of 
acetone during the titrat1onJ and the resultant temperature 
change caused significant changes in instrument response~ 
By knowing the slope of the response-temperature ourve (to be 
discussed later) 1 it was possible to correct the raw data as 
shown for the .0100 M Cdi2 titration, but the unoor• 
rected curve was omitted to improve the legibility of the 
Figure. 
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Because or the low tolerance tor ionic compounds, 
displayed even when acetone was the solvent, it was decided. 
not to attempt to use liquid ammonia in the hf•cell with the 
OF-120 T1trimeter.; at least until considerable experience 
was obtained with the ammonia and ht-cell and the less 
+--------c_sensitiv-e_Sargent __ Model __ V__ Chemical Oscillometer. 
Comments on instrument 9P!ration. One aspect of the 
operation of the OF-120 Titrimeter was uncovered that con ... 
f'licted with the inf'o:rnna.tion supplied by Olinksoales (1957) 
who indicated that the voltage supply was set at about 300 
volts. In this investigation, the coarse dial or the OF-.120 
'ritrimeter was set at thirteen, .the ht-oell was filled with 
atr, and the fine dial was used to establish resonance at 
different voltage settings. The strongest response was 
Obtained when the voltage was 190 volts, and this gave a 
corresponding power supply current of a.bout twenty-six 
milliamperes, All of the data reported in this dissertation 
wer$ obtained with the power supply set. at 190 volta. 
Instrument warm .... up wa.s not necessary for the protracted 
periods of time suggested by previous investigatera. ~owry 
{1958),·~w1s (1959) and especially Abraham (1961) turned 
the OF-120 Titrimeter on several hours before they used it, 
stating that the purpose or the long wa.rm ... up was to minimize 
instrumental drift during an experiment. For the Pl"esent 
investigation, the tubes were all checked and those that 
appeared sub-standard 1 il1 anY" way 1 were l'eplaeed .. In 
Figure 10, the change in instrument response with time has 
been plotted, using the hf~eell tilled with seventy~rive 
milliliters of' water. Little drift oooured except during 
Jl-----. t]le._firJfti_t'~l·L!llil'lu.-tes ()f_(,)pe:rl;}. tion .. 
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Temperature fluctuations, ooour1ng in the hf•oell 
during a titration, were reflected in the instrument response, 
as shown in li'1gure ll and Figure 12. The slope of the instru""' 
ment response110otemperature curve tor f:tne dial J?eadina;s was 
found to be minus twenty-seven fine dial units per degree 
when acetone was the liquid (Figure ll)., A leas sensitive 
measurement (Figure 12) was obtained tor the coarse dial 
units,~~ but these data were interesting because they permitted 
a rough comparison of the surprisingly different slopes of 
the instrument responae .... temperature curves or acetone and 
water. The slopes were ... og and ..... os coarse dial units per 
degree, respectively. 
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CHAPTER VII 
THE USE OF THE HF-OELL WITH THE SARGENT 
MODEL V CHEMICAL OSCILLOMETER 
Titrimeter Modification !99., Operation. The major 
=----~mo~J._fj.jlatJ..qn_c:>_t' thc:LMo~el_V Chemical Osoillometer consisted _______ _ 
ot replacing the conventional titration cell with the hf-cell 
and the auxiliary apparatus needed to work with liquid 
ammonia. 
The hf-cell was attached 'by means of the three banana 
plugs projecting from the circular., black-plastic box,. visi-
ble in Figure 5. One of the threaded couplings was removed 
from the transmission cable, supplied as etandard equipment 
with the chemical Oscillometer; and alligator clips were 
soldered to the core-wire and to the outf!ide, woven shield. 
The alligator clips were attached to the two banana plugs 
leading to the hf ... oell electrodes. A separate wire,. with an 
alligator clip on each end,. was used to ground the third 
banana. plug to the metal shell of the oscillometer. To add 
rigidity to the oonne.ction between the hf•oell and the 
Chemical Oscillometer and to shield the connections against 
external electrical and magnetic etrects, a cylinder of 
copper gauze was taped to the 'blaok box and around the trans .. 
mission cable. Also1 the gauze was grounded to the Chemical 
Oscillometer chassis, 
-
~ 
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The equipment needed to fill the ht-oell with liquid 
ammonia, to keep the system stirred and at constant tempera..-
ture, to add solid or liquid samples, and to aspirate the 
hf-oell contents have been shown schematically in Figure 13. 
The cold-finger was tilled with a solid carbon d1oxide-
{-------a~c@_ton~_____!ll1,ush tQ_g_ggt!~!l~~-amrnonia _into_ the hf.,.cell. After ________ _ 
the desired quantity or a-mmonia had condensed, excess solid 
carbon dioxide was removed from the oold·fingez- and small 
pieces were re-added at intervals in order to keep the 
ht-oell contents at the boiling point of liquid ammonia, 
The temperature of the acetone in the cold-finger 
varied from -36oo. to -42°0. depending on the experimental 
conditions, but in ~11 oases it was possible to maintain the 
temperature or the hf .. aell contents within ! .1°o. of 
-33.4°0. 1 the boiling point of liquid ammonia. 
During many of the experiments, an A.S.T .M 330 ther-
mometer, -38° to+ 42°0 .. , was used to determine the tempera-
ture of the hf-cell contents, but it was round equally 
feasible to observe the manometer and adjust the cold ... f'inger 
temperature to give a pressure of one atmosphere in the 
hf•aell. Variations in atmospheric pressure were not sutfi· 
oient to atfeet the boiling point ot the liquid ammonia more 
than the t .1°0.; and, therefore, the thermometer was not 
used in some or the expex-iments; reliance being placed on 
the observation of the manometer. 
Cold 
Openings tor a, 
therm:ometer, · 
manometer, and: 
a~rpirator om:itted 
Brass 
shield 
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~To titrimeter 
Figure 13. A schematic diagram of the shielded hf-cell, 
equipped for use with liquid ammonia. 
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Solid samples were added to the liquid ammonia in the 
hf'-cell as individual crystals or pellets, weighed to the 
nearest .lmg, . The space above the ground•glas$ seal of the 
"sample-adder'' was evacuated with a Welch Duo ... seal pump and 
refilled with air passing through an anhydrous ca.lc1wn 
:-------sulf_ate __ drying tube. _(:tn_cases _where _the_ solid was some_thing ____________ _ 
like sodium metal, capable ot reacting with dry air, the 
evacuated space was filled with helium.) The rubber cap was 
removed, the sample quickly added, and the oap replaced. 
Any moist air admitted with the sample was re-evaouated and 
the chamber was again filled with dry air (oX' helium). On 
lifting the glass rod to open the ground -glass seal.- the 
sample tell into the hf-oell. 
Liquids were addecl by inserting a syringe neeclle 
through the rubber cap above the ground-glass seal and in3eot-
1ng a. suitably sizflltd liquid aliquot which fell into the hf-cell 
when the glass :rod was lifted. For s.mall samples, the hold-
up. around the glass seal was so large that the 11 fon:tmple-adder" 
was replaced by a short length ot straight glass tubing 
topped with t. gum. rubber cap suitable tor use with a syringe. 
Thus, it was possible to inJect the sample directly into the 
hf-oell andt if desired, to have the tip of the syringe 
needle below the s~race of the liquid ammonia. 
The stirring rod entered the hf-oell thl'oush a glass 
sleeve which was filled with Dow Oorn!nm Stopcock Grease 
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Silicone Lubricant. To improve the ability or the seal to 
resist pressure variations within the hf-cell, a twenty centi-
meter length of rubber tubing was used to extend the glass 
sleeve, and the diameter ot the tubing was such that a small 
torque was required to turn the stirring rod 1 even when lub-
~~-------tt_1aa_t_ed_with_the_silia_one_gr_eas_e_._nux-_:tng_an_expfar:i:m$n't_tbe.___ __ _ 
rubber tubing temperature would rise to about 50°0.1 but by 
oaretul selection or its diameter and by keeping plenty or 
silicon grease between the glass and the rubber; a seal was 
obtained that would withstand a vacuum of about 200 mm. of 
Hg and a pressure of about 50 mm. of Hg. During the extremes 
ot pressure encountered when the hf-oell was being filled 
with a.mmonia or aspira.ted to remove the products or a 
reaction, the st:t~rer was stopped and the rubber tubing was 
wired to the glass stirring rod. 
After the completion of an experiment in the hf•oell, 
the contents were aspirated into an adjoining vessel and the 
liquid ammonia was recovered by condensing it in the 
"scrubber. 11 The ht-cell and its a.ssociated apparatus was 
cleaned, :rim:ted with acetone,. and J:teaasembled for the next 
experiment. Prior to re-filling the hf-cell with ammonia, 
the ayatem was dried by being evacuated to below .1 mrn. of 
Hg. 
During the cleaning process it was possible to 
visually inspect the hf-cell to see if any undissolved 
80 
residues remained r:rorn solid samples added during the pre-
viou~ experiment. Most or an~ precipitate formed during a 
reaction was sutticiently finely divided to be aspirated with 
the liquid ammonia. 
The operation manual tor the sargent Model V Chemical 
t--~~~__.Osoillome_t_er_was_w~it'ten_be~ol!e_the_11 I'l'1te:rnal_Refettenoe_"~~~~~-
capacitance was added to the instrument.. Thus, the procedure 
used in this experiment was slightly different than that 
described in the manual. Rather than using the hf ... oell 
(empty or full or liquid ammonia) to establish a zero-point 
on the instrument dial,. the "Internal Reterence 11 was used to 
establish the zero-point. By returning the instrument to the 
"Internal Reference" arter each reading, the zero-point was 
kept independent of instrument drift; and reproducible 
instrument response was obtained within :t 1 scale unit. 
When the Sargent Recorder was used in conjunction 
with the Chemical Oscillometer, the "Internal Reference" 
could not be used to eata.blish the zero reference without 
sacrificing Recorder sensitivity. In such oases, the pro-
cedures described in the opevation manual were followed 
exactly .. 
The sargent Cell Compensator was a.vailable as an 
accessory for use with nonionio solutions~~ The Oell 
Compensator oon.aisted of a calibrated variable inductance 
in series with any cell used with the Chemical Oscillometer, 
[ 
.. 
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By filling a cell with a solution which exerted the maximum 
response anticipated in an experiment, it was possible to 
set the Cell Compensator so that the full sca.le, 32,000 units, 
or theChemical Oscillometer was being used. When the Cell 
Compensator was used with ionic solutions, the Chemical 
Oscillometer ceased to oscillate at such a low ionic concen~ 
tration that no practical advantage resulted .. 
Preliminar;y Studies.. Prior to l'TOrking with liquid 
ammonia, the response characteristics of the hf ... cell were 
investigated briefly with water and acetone. 
In Figure 141 the response of the Chemical Oscillometer 
to aqueous solutions of a strong acid (HCl), a weak acid 
(HOAo), and a soluble salt (KCl) were shown using the hf ... cell; 
and the resulting curves were completely analogous to the 
curves obtained with the conunercially available cells 
supplied by the instrument manufacturer. The shape or the 
hf-cell response curve was the same as for the Sargent cell, 
bUt the magnitude of the response was decreasedo For strong 
electrolytes in the hf-cell, the region of maximum response 
was obtained with conoentra.tions of two to four millimolea 
per liter or aqueoua solution, depending on the ionic species. 
Weakly dissociated substances such as acetic acid failed to 
demonstrate a region of maximum response. 
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Figure 14. Response curves for hydrochloric acid, 
potassium chloride, and acetic acid added to water, 
using the Sargent Chemical Oscillometer and hf-ceil. 
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A titration of 5 x 10•4 M HOl with .0100 M NaOH was 
performed :l.n the hf•oell,. and the results have been ~!Shown in 
Figure 15. The end point obtained from the titration curve 
did not agree well with the visual end point obtained with 
phenolphthalein,. but the shape of the ourve was typical for 
-{1--------'· ~\l.Qb. _11_t_X'~t1.QI1~ -~!! _cc.mveptional_ cella. Had the concentrations 
of the solutions used for the titration been seleotE~d to be 
in the region of maximum response,. a greater corresponoence 
between the visual and exper~ntal end points would have 
been obtained~ A ten-fold increase in the concentrations of 
the solutions would have been about right. 
The response curves or an ionic substance i Odi~p and 
Of a non-ionic SUbstances" lfe01 in acetone haVe been ShOWn in 
Figures 16 and 17 respectively. The region or maximum res• 
ponce tor Cdi2 occurred at about 6 x 10-5 mole traction or 
salt. With water.; no inflection point was observed in the 
response c\U:*veJ and the resulting plot waa typical of plots 
obtained. with non•ionio apeoies in the Sargent cell., 
especially when the sargent Cell Compensator was used to 
increase the ettective capacitance of the hf'•cell. 
The curve resulting from the nonaqueous titration of 
Cdi2 with NH3 (both compounds dissolved in acetone) has been 
plotted in Figur~ 18 a.nd compared with the curve that reaul• 
ted when NH3 was added to pure acetone. An interesting 
plateau was observed in the Cdle curve, and represented a 
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Figure 15. Titration of hydrochloric acid with potassium 
hydroxide in aqueous solution, using the Sargent Model 
V Chemical Oscillometer and the hf-cell. 
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response that did not appear when an identical titration 
was performed with an Industrial Instruments, Inc. 
Conductance Meter. 
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Presumably the initial Cdi2-1n-aoetone solution was 
dissociated into Cd++ and Cd(I4)--, and at least three reac-
if-------t,-1ons-could-rJave-been--pred1cted to ocaur l'Zith arr.monia~ --as-------~-~ 
shown in equations (7), (8) and (9). 
(8) 
(9) 
Equation (7) would have been expected to give only a slight 
decrease, if any, in instrument response as the ammonia was 
added, and equation (8) would have been expected to give a 
large decrease in response. Thus, neither (7) or (8) 
"explained" the shape of the titration cruve. Also, the 
product of equation (8) would have been anticipated to be 
insoluble, but no precipitate appeared at any stage during 
the titration. Equation (9) would have been expected to give 
the largest initial increase in response that was observed 
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experimentally,. but (9) would not have "explained-If the 
plateau. . Several other equations could have been written to 
represent interactions between ammonia and the ions of Cdi2 
solutions, and perhaps the plateau was the result ot a more 
subtle reaction that occurred between partially solvated 
~----o"---adnd._um _(I_I)_g_r __ 1_g_g_ooaqm1Utr1 (II)_ ion f). __ _'l'b;l.s __ que st1on bas _be~n_ __ _ _ 
discussed further in the next chapter. 
Preliminary studies in liquid ammonia consisted ot 
determining the instrument response caused by the addition ot 
water and methanol to liquid ammonia. It was believed that 
some species might be added to the· liquid ammonia as water 
or methanol solutions, and hence it was considered desirable 
to be able to estimate the etfeot caused by these solvents 
alone. The response curves have been given in Figure 19. 
A cursory investigation of the effect of temperature 
on the response of the Chemica+ Oscillometer indioated that 
corrections due to the small~ normal, temperature variations 
from the boiling point or the liquid ammonia were less than 
the reproducibility o£ the i_nstrument scale itself. Thus .. no 
calibration aurve relating temperature to instrument aaale 
was prepared. 
R~sl?onse Patterns in 1Jigu1d Anunon;ta. The largest 
group of compounds tor which response curves were obtained 
was the alkali metal ha.lides. It was hoped that variations 
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in the instrument response curves would have significance 
tor determining molar conductivities and ion mobilities in 
liquid ammonia. The response curves tor the chlorides have 
been presented in Figure 20, and those :f'or the potassium 
halides in Figure 21. The response curves for additional, 
+--------'misQ~lJ.!ilJl~()l..l.~--~:l._ka_l~ !Il~tal halides have_beE.m grouped 'c;ogethel" ___ _ 
in Figure 22, and the data for assorted ammonium salts, 
silver iodide, cupric bromide, and sodium and potassium 
metals were plotted in Figure 23. 
The outstanding feature of the response curves was the 
remarkable similarity or all the ·aalts. In ea<lh case, the 
maximum response of the Chemical Oscillometer occurred at 
approximately l x 10~5 mole fraction, equivalent to .oo6 
molal or .009 molar solution. Neither the extreme differ-
ences in formula weight nor the etf'eot of multivalent ions 
seemed to make a difference. Only in the case of the soluble 
alkali metals was the sensitivity significantly different, 
being of the order of .5 x lo•5 mole f'raotionJ and the 
mobility expected or the ammoniated electrons present in such 
solutions would have led one to predict such an increased 
instrument response. 
The failure of the response curves to demonstrate 
. systematic variations in proportion to the molecular we1ghta 
of the alkali metal salts was disappointing. At first 
glance,. Figure 21 seemed to suggest that the size or the 
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negative ion in such salta played a role in the high frequency 
response caused by the salta, but closer scrutiny of the ·data 
in other Figures, sugge·sted that the results shown in Figure 
21 were fortuitous rather than consistent. 
The low "apparent" response of lithium fluoride 
~~------~~------'(Figur_e_22_)_and_ammonium_f_luo:roid_e~(Figur_e_23J_was_n_ot_a va li.=d ~~~­
indication of low instrument response to solutions or the 
salts. Rather, the low response resulted from the failure of' 
the salts to dissolve very muon, and the increase in the 
response with concentration probably reflected a slol'l rate of' 
solution for· the solids added to the liqu19 ammonia. 
The response curves of' the alkali metals were drawn 
from data which is subject to qualification. As pellets of 
metal w·ere added to the liquid ammonia, a large instrument 
response was obtained. However, the pellets immediately 
began to react with the liquid ammonia; and before successive 
pellets could ,be added to get an accumulative response, the 
response due to the first pellets had .partiallr faded. The 
method finally used to get the response curves for sodium and 
potassium involved adding pellets of different size, reading 
the response, and letting the response drop back to zero 
before the next pellet wa.s added. Thus, each point on the 
response curve for sodium and potassium represented the 
response to a single addition rather than to an accumulation 
of dissolved substance. 
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Even so, some error (neglected when plotting the Figure) was 
present due to the reaction or part of the pellet during the 
time the remainder of the pellet dissolved. Fortunately, 
t.he amides formed by the reactions of the metals with the 
ammonia were insoluble and' caused no residual response. The 
n------X'-e8£tt_ion_of_alkali_me_ta1s_w:tth_the_aol'\l'Emt_has_been_disaussed. ___ _ 
further in a later section or this chapter. 
Experimental Results of Chemical Reactions in Liquid 
Ammonia. The reaction of l·iodopropane with liquid ammonia 
was investigated to see if products of the reaction would 
invoke sUfficient instrument response to permit rate studies. 
The primary reaction to be expected was: 
although little instrumental response was anticipated from 
the formation of an amine., the generation of the salt was 
expected to result in sufficient response to per:rnit the 
reaction to be followed. 
Experimentally, ten microliters (.102 mmole) of 
l•iodopropane was injected into 100 ml. of liquid ammonia at 
its boiling point. The final mole fraction of ammonium 
iodide was 2.6 x 10""5 and, baaed on the response curve for 
annnonium iodide., the increase in instrument response should 
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have approximated 740 sargent Model V Ohem:t.cal Oscillometer 
scale units. 
The ra.te or reaQtion was so slow that it was not prac .... 
tical to aupe~vise it throughout the entire process. At the 
suggestion of Dr. w .H. Wadma.n (1962 ), the increase in instru-
~"-----~--""'ental____readinga weJ?e plotted against the reciprocal of the 
time of J?eaotion so that an extrapolation to zero would repre .... 
sent the x-esponse 1norease at infinite time. These data were 
used to prepare :Figure 241 and the response increase or 705 
I 
'soale units obtained when the reciprocal of time was extrapo-
lated to zero seemed reasonably close to the ant:t.o:t.pated 
value or 740. The half•lit'e of the reaction was calculated 
to be 380 minutes on the biUJ:ts of the 740 value t•or a maximum 
increase in response at the "oompletionu or the reaction. 
I 
The rate or reaction or an alkali metal with the sol• 
vent to form amides was investigated with sodium and 
potassium. Earlier in this chapter, mention was made or the 
difficulties involved in obtaining a response curve tor 
sodi'Um~ According to Jolly (1960),. a solution of sodium in 
liquid ammonia should have been stable unless a catalyst 
(iron (III) nitrate) was added. 'l'h1s was substantiated by the 
fact that sodium-ammonia solutions remained stable for many 
hours in the "scrubber" section or the apparatus used in the 
px-esent 1nvest1ga:t:ton. However, when small pieces of sodium 
were added to ammonia in the ht-cell, the intense, dark blue 
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Figure 24. The ammonolysi~ with time of 1-iodopropane in 
liquid ammonia at -33 C., using the Sargent Model V 
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color, initially present, faded away in a matter of minutes. 
When the dark blue solution was aspirated out of the hf-oell, 
the color remained for several hours at 78°c., the tempera-
ture of the dry-ice-slurry. 
An initial assuraption, that the high frequency energy 
+----oLthe_Chemiaal_Qa_e_illometer was causing the reaction, was 
disproved by the raot that the blue color faded just about as 
fast with the instrument turned off as when it was turned on. 
The phenomena were further investigated by adding Dow Corning 
Stopcock Gx•ease to the flask into which the blue solution was 
aspirated. Even at -78°c., the blue color was discharged 
over night. Thus, it seemed likely that the silicon grease 
used to lubricate the stirrer was catalyzing the reaction 
between sodium metal and liquid ammonia. 
Rate studies of amide formation in potassium-in-ammonia 
solutions were aided by the use of the sargent Recorder. As 
different sized pieces of metal were added to boiling liquid 
ammonia in the ht-cell, the course or the reaction was follow-
ed by means or the recorded change in instrument response as 
a function of' time. 
The decay curves resulting f'rom several additions or 
metal have been superimposed in ,igure 25. The immediate 
*'loss" of the first few potassium pellets was attributed to 
reactions of the alkali metal with traces or water absorbed 
on the walls or the hf'-cell and on its accessory equipment. 
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This was somewhat surprising because the entire system was 
pumped out tor several hours with the Welch Duo-Seal Vacuum 
Pump (less than .1 mm. ot Hg with a c~-acetone slurry trap h 
but no other explanation or the rapid removal of the potassium 
has been forthcoming. 
-t--~~~~~~---""'n l!igUl'_e _2!i,_th~LJL1me rea_uired tor the respc_:'o,_,._,n=s-=-e_tC":_o'"------~~~~­
decrease to its initial value was a funoti1on of the size ot 
the potassium pellet. No catalyst was added, but it was 
assumed that silicon grease was causing the same effect on the 
potassium-ammonia .reaction that it displayed in the sodium-
ammonia reaction. It was interesting to note that the use or 
potassium metal for this study would not have been predicted 
trom a study of the literature which stated th$t potassium 
amide was soluble in liquid ammonia (whereas sodium and 
lithium amides were "insolubleu). As a point of fact, how-
ever, ~ was so insoluble that it generated no instrument 
response,· whatsoever, in the Chemical Oscillometer with the 
hf-oell. Rate constants tor the potassium-ammonia reaction 
were not calculated because ot uncertainty about the degree 
of catalytic effect exerted by the silicon grease and about 
the exact size of the potassium pellets (to be discussed 
further 1n a later paragraph). 
Preparatory to the reduction or metallic cations with 
sOdium and potassium, some qualitative solubility studies 
were performed. It was considered desirable to have a 
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soluble metallic fluoride so that the products of the reduc-
tion reaction, the reduced metal and the alkali metal fluoride 
salt, would be insoluble and thus cause a decrease in instru ... 
ment response during the reaction. However, the !'luorides of 
oopper(II), antimony( III} 1 ohromium(III) 1 and cobalt (II) were 
11------_..inaoluble in boiling liquid ammonia. 'l'he SbF'tl seemed to react_. J ~-------
as evidenced by its oolor change from yellow to white, but the 
white product was insoluble. 
Copper(II) fluoride was also insoluble in water, but 
it did dissolve in concentrated aqueous ammonia. Hence, two 
milliliters of water was added to the hf·cell containing a 
suspension or 361 mg. of copper(II) fluoride in 100 ml. of 
liquid ammonia at its boiling point. The increase in the 
response of the Chemical Oscillometer was no more than would 
have been expected from the addition of the water to pure 
ammonia and there was no change in color suggesting that the 
water had caused the copper salt to go into solution. There""' 
fore, a_ttempts to get a metallic fluoride into ~olution with 
liquid anunonia were abandoned. 
A liquid anunonia solution of' copper(II) bromide was 
treated with an excess of' sodium metal at -33°C. The concen-
trations were well above those that could be followed by the 
Chemical Oscillometer, but it washoped that a qualitative 
indication of' the reduction of' oopper(li) cation to the metal 
would suggest further work at suita.ble concentrations. 
104 
A black precipitate formed, from which the ammonia was 
removed. The black residue partially dissolved in water to 
give a blue solution characteristic or the tetrammineoopper-
(II) ion. All or the water-insoluble, black residue dissolved 
in sulfuric acid except tor a tiny portion which dissolved 
in nitric acid. Apparently the exceedingly small amount or 
copper metal formed by the reducing action or the sodium was 
sufficient to catalyze the reaction between the remaining 
sodium and the ammonia to give sodium amide which, in turn, 
precipitated most ot the copper(II) ion as cupric amide. No 
further attention was given these reactions of copper com-
pounds. 
In Chapter 3, it was noted that the iodide ion promoted 
smt:>oth reduction ot metallic cations by alkali metal-liquid 
ammonia solutions. Therefore_, an attempt was made to reduce 
silver iodide with potassium metal. A preliminary trial at 
relatively high concentration or silver iodide (1.9 mmole 
of Agi in 100 ml •. liquid NH3, trea.ted with • 055 mmole of' K) 
resulted in a black precipitate which did not dissolve in 
sulfuric acid, but did dissolve in nitric acid. The unre-
duced, yellow silver iodide was admixed with the black silver 
metal after the liquid ammonia was evaporated rrom the system. 
In an effort to use the Chemical Oscillometer and ht-
cell to tollow the silver iodide-potassium metal reaction, 
the procedure was repeated using 43.7 mg. of Agi (.018 mmole) 
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and "titrating" it with small pellets of potassium metal. 
Figure 26 summarizes the results. The Chemical Oscillometer 
response increased 340 scale units when the silver iodide 
was added to 90 ml. of liquid ammonia. Such an increase 
reflects the fact that the silver iodide concentration 1n 
ammonia was in the region of maximum response-sensitivity, 
.____ __ _ 
as indicated by the response curve prese.nted earlier. The 
decrease in response caused by the first few potassium 
pellets was not fully understood because the loss of silver 
iodide should have been counterbalanced by the gain in 
potassium iodide. 
An explanation of the failure of the excess amounts of potass-
ium,. added at the end of the experiment, to cause an increased 
instrument response (in excess of that caused by the silver 
iodide alone) was aided by the observation that the blue 
color of the metal-ammonia solution was never present. 
Apparently the silver metal catalyzed the amide forming 
reaction of ammonia with the excess potassium to the extent 
that there never was developed a significant concentration Of 
metallic potassium in arrunonia. It was observed that the 
black., flocculent silver meta.l made it difficult to ascertain 
the presence of the blue metal-ammonia in the reaction 
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mixture. Only by turning off the stirrer, eo that the silver 
metal could settle away from the top portion or the mixture, 
was it possible to observe the absence of the blue color. 
The final reaction studied in this investigation 
involved the addition of a strong acid, ammonium iodide, to a 
~---s=u.,..,apension o_Lan_i_nsoluhle l:ttUi~_,_p_o_tas_s_i'Wll arni_d_e_., __ 'l'he_~e__aul t s.__ __ _ 
have been plotted in Figure 27. The potassium amide suspen-
sion ( .45 mmoles in 90 ml. liquid NH3) resulted from the 
experiment performed with potassium in liquid ammonia 
(Figure 24). Weighed pellets of ammonium iodide were added 
until the instrument xsesponse ceased to increase. The 
resulting curve was, in essence, the response curve tor 
potassium iodide up to the theoretical end point, followed by 
the response curve for ammonium iodide. 
An unfortunate choice of titration indicator and 
technique resulted in the di:f'ficulty alluded to earlier with 
regard to the detel'mination of the size of the pellets of 
sodium and potassium metals. As each pellet was added to the 
ht•cell, one of identical size (as judged by eye) was placed 
in a small flask and saved for titration with .0100 M hydro-
chloric acid, using phenolphthalein as the indicator. Thus 
the results w~re erroneous to the extent that the metals 
absorbed carbon dioxide from the air during the time between 
the ad.cit:ton of the pellet to the flask and the titration. 
Under ordinary laboratory conditions, the error introduced 
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by carbon dioxide contamination might have been ignored as 
small compared with the error introduced by-the visual 
selection of "identical" pellets (an error estimated to be 
less than 10 per cent); but in the labora-tory used for the 
present investigation., the use of carbon dioxide-acetone 
+------slurry __ in_the __ oold~tinger was _undoubtedly responaible fort a ______ _ 
much higher than ordinary carbon dioxide concentration.. A 
better experimental approach would have been to add the 
pellet of' alkali metal to an excess volume of acid, and then 
to back-titrate the excess amount of acid. The unreliability 
·"with regard to the size of the alkali metal pellet in no way 
invalidated conclusions regarding the usability of high 
frequency .titrimetry to the study of the reactions of such 
meta-ls in liquid ammonia. The important consideration was 
whether or not sutficent response would occur to Justify 
further study, not the precise end point of the reaction. 
CHAPI'ER VIII 
SUMMARY AND SUGGESTIONS FOR FUTURE STUDY 
Summaru. Chemical reactions in liquid ammonia at 
-33.4°0. have been investigated successfully by means of 
+----_higl:l_f're_q;u.~noy_t_:t.j:;;rim~tpy. ___ Th<a _ Sa:rgent M()del v_ Chemica-l 
Oscillometer was used in conjunction with a. specially 
designed titrimeter oell, containing electrodes built inside 
or an evacuated Dewar-type ja.cket. Details or the design and 
conatru~tion or the special cell, called the hf-cell, were 
presented. 
As an indication of response sensitivity, the response 
curves of a group or fourteen alkali metal halides were deter-
mined, and the salt concentration at which maximum sensitivity 
occurred was about l x lo-5 mole traction for each salt, 
equivalent to a molality of .oo6 or a molarity of .009. 
Additional response curves were obtained tor sodium and 
potassium metal,. oopper(II) bromide, silver(I) iodide, 
ammonium fluoride and ammonium iodide. All of the response 
curves demonstrated maximum response sensitivity essentially 
like that of the alkali metal salts exoopt in the case of 
Sodium and potassium metals which exhib.ited a maximum 
response sl;lnsit1vity at about .5 x 10~5 mole fraction. 
Response curves were obtained also for the addition of water 
~ 
I 
I 
lll 
and o£ methanol to liquid ammonia. 
The unoatalyzed rate ot ammonolysis o£ an alkyl halide, 
1-iodopropane, was inves.tigated and the reaction was found to 
have a half-life or approximately 380 minutes and to result 
in a predictable response change in the titrimeter. 
l\._t_tent:RtiS _to_a3tudy the_reduction o£ oopper(II) bromide _____ _ 
with sodium metal resulted in the precipitation of copper(li) 
amide, but the reduction of s1lver(I) iodide was achieved 
with potassium metal. With the proper choice ot ailver(I) 
iodide concentration, the reaction caused response changes 
in the high frequency titrimeter. 
The rates o£ reaction of sodium and potassium metals 
with the liquid ammonia solvent were investigated, aided by 
the use of the sargent Recorder in the case of potassium. 
The time required for potassium to react with the ammonia was 
a function of the initial concentration of the metal. There 
was evidence that the reaction of sodium (and, presumably, 
pota.ssium) with ammonia was catalyzed by silicon grease. 
The acid-base titration of insoluble potassium amide 
with ammonium iodide was performed to demonstrate that the 
response changes of the titrirneter could be used to follow 
the neutralization reaction, even though no inflection in the 
titration curve was obtained at the end point. 
The suitability of the hf'-oell for use with the 
OF-120 High Frequency Titrimeter, designed and built at the 
----1 
j 
,, 
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University of the Pacific~ was briefly investigated by 
studying the response curves or water, methanol, aqueous 
potassium chloride, and an acetone solution of cadmium iodide 
when acetone was used as the solvent. The CF-120 Titrimeter 
was incapable of generating a beat-frequency signal when 
higl!_l._y_ io!l!~ed s_~]t1t~_on~ were placed :l.n the hf ... cel~, appar:_ ::------
ently because the hf-cell had too lal"ge a capacitance o 
A titration of an acetone solution of cadmium iodide 
with an acetone solution of ammonia in the Sargent Model V 
Chemical Oscillometer and hf-cell suggested that there may 
be ipteresting areas of study in nonaqueous chemical reac-
tions other than those of liquid ammonia. 
Sugfjestions !.2£. Future Studu_. An important area of 
investigation remains that of cell design. It would be 
desirable to have a cell in which electrodes were :J..n·ter-
changeable so that the capacitance of the system could be 
easily changed to acoomodate titrimeters which have differ-
ent frequencies of operation. 
Rates or studies or amrno.nolysis reactions, comparable 
to that or 1-iodopropane, appear to have considerable 
interest. The effects of changes in alkyl configuration, 
halide, and catalysts would seem susceptible to intensive 
investigation,~~. A type of ammonolysis not studied 
in this investigation, but closely akin to the l~iodopropane 
rr--= 
-
-
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reaction, would involve eaters. For example, I.W. Davies 
(1962) suggested that the ammonolysis of diethyl phthalate 
would have the interesting possibility of forming either the 
di-acid amide derivative or the imide (or both?). 
The titration of strong acids with strong bases does 
not ap_I>e~~--t~~ve __ nt_u._c_}l ~nter_est. __ However, the development _______ _ 1----------
of cella with greater sensitivity and of titrimeters operat-
ing a.t higher frequencies might permit the step-wise titra-
tion of successively weaker acids in polybasic species such 
as aulfamide. 
The reactions of metal-in-anunonia solutions appear to 
have great interest, in spite of the extensive work that has 
already been reported on such systems. More exacting exper-
imental conditions may be required in such studies and a 
dry-box .. an all-glass vacuum line and hf-oell, and a liquid• 
nitrogen trapped vacuum-pump would seem indicated. 
Dr. G. Julian (1962) suggested the use of commercially avail-
able alkali metal-mineral oil emulsions, diluted with addi-
tional mineral oil, as an improved method of adding small 
quantities of such metals to the liquid ammonia in the ht-cell. 
A small, but important, area of research would involve 
the determination of solubilities of ionic species in liquid 
ammonia. Surprisingly oftenJ the present literattWe is 
wrong or misleading. The high frequency titrimeter is 
extremely sensitive to the presence of dissolved ions, and 
" 
~-
~emarkably insensitive to the presence of' dispersed, but 
undissolved, ionic substances. 
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The plateau observed in the cadmium iodide-ammonia 
titration in acetone would seem deserving of additional 
investigation. The use of' a recording infrared spectropho-
}-----tQ_Dl_e_teR_ t~ _Eiete~l'l!il'l_~ __ t;!'le_ change!'_ in the ()Oncen1i_ra ~ion_ of' 
un-oomplexed ammonia might give a clue to the nature of the 
species responsible for the plateau. 
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EXPERIMENTAL DATA FOR FIGURE 6 
OF-120 Titrimeter, coarse dial units 
Fundamental resonance Harmonic resonanoe 
17.0 
4------18 .o ------ ---- - ----- ---------- ---- ---- -- ----- --- -- 22-;-l ~ 
8 18.6 
12 20.00 
16 23.1 
18 27.2 
20 36.0 
22 53.5 
24 73.2 
26 
28 
30 
32 
34 
36 
38 
40 
50 
75 
5.2 
14.0 
30.5 
48.5 
70.0 6.2 
20.6 
33.2 
43.5 
52,1 
58.3 
2.4 
3.6 
3.9 
4.0 
22.0 
21.3 
20.0 
----
14.9 
9.4 --
.2 
61.3 
62.4 
62.6 
62,6 
-
-
~ 
~ § 
~ 
' I 
-
-
-
~ 
~ 
~ 
r-
--
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EXPERIMENTAL DATA FOR FIGl.T.RE 6 (continued) 
Ml. a.oetone CF-120 Titritneter., ooarae d:t.al units added to _......_ _____ ._.... ____________ _ 
ht'•oell Fundamental resonance Harmonic resonance 
0 ... 28 
* 
30 43.9 
32 27.6 55.0 
34 34,1 62,2 12.3 
36 39.8 68.6 17.9 
21.1 
40 74.5 
50 23,8 
75 46.0 23,8 
* Below 30 mlo the pattern for acetone closely 
resembled tha-t obtained tor water. 
~ 
~ 
~::::: 
~ 
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EXPERIMa:N'rAL DATA FOR FIGURE 7 = 
g 
Ml. water OF-120 Titrimeter Ml. mlter CF..,l20 Titr:tntetel" 
-
in 75 ml. in 75 ml. -
acetone Coarse methanol Coarse dial dial 
units Increase unit a Increase 
0 46.7 
--
0 0 54.1 0 
5 50.1 3.4 4 55.6 1.5 
10 52 .. 5 ;.8 10 56o8 2"7 
15 54.0 7.3 15 57.5 3.4 
~ 
20 55.2 8 .. 5 20 58.0 3.9 ~ 
~ 
-
25 56.1 9.4 25 58.3 4.2 
30 57<10 10.3 30 58.9 4.8 
35 57.6 10.9 35 59.1 5.0 
-
-
~ 
40 58.0 40 ~ 11.3 59.2 5.1 ~ ~ 
I 
-
45 58.5 11.8 45 59.8 5-7 ----
50 59.0. 12.3 50 6o.o 5.9 
-
~ 
-
-
-
--
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EXPERIMENTAL DATA FOR FIGURE 8 
Ml. of water added Increase in CF ... l20 T:ltrimeter response, 
to 75 ml. acetone fine dial units 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
24 
30 
35 
40 
45 
50 
---
0 
305 
693 
955 
1166 
1335 
1476 
1589 
1695 
l80lt. 
1881 
2008 
2198 
2290 
2360 
~425 
2495 
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EXP.ERIMENTAL DATA FOR FIGURE 8 (oontinued) 
Molarity Ml. added 
of' to 75 ml, 
aqueous acetone 
KOl 
.001 
,;Ol 
.l 
1 
2 
4 
6 
8 
10 
l 
3 
5 
7 
8 
l 
2 
3 
Inor$ase in CF .... 120 Titrimeter responset 
tine dial units, ht•oel1 
213 
--- -- ---
427 
732 
1001 
1193 
1387 
252 
653 
938 
1473 
* 
257 
491 
* 
* The CF-120 Titrimetel:l oea:aed to give a signal with the 
... addition of more titrant. 
E: 
~ 
~ 
--
~ 
~ 
• I 
~ 
~ 
EXPERIMeNTAL DATA FOR FIGURE 9 
Mole a 
per Ml. of 
liter tit~ant* 
,10 
.010 
1 
2 
3 
4 
2 
4 
8 
14 
20 
24 
30 
36 
40 
44 
50 
OJ.i'-120 Titrimeter response, 
fine dial 'I.U'lits 
temperatut'e temperature 
uncorrected corrected 
166** 
215** 
No response 
15 
26 
41 
68 
92 
98 
114 
136 
145 
151 
160 
16 
124 
166 
~-· 
......... 
28 
....... 
62 
...... 
71 
'~~!"'~-' 
91 
....... 
... ...,.. 
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·* Cdi?. dissolved in acetone added to 75 mol. of acetone. 
-~·'* Not plotted in the figure" 
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EXP.ERIMENTAL DATA FOR FIGURE lO 
Warrn•up t1rna~ 
minutes 
CF.;_120 
T1tr1meter response 1 coarse dial units 
. with the hf'-oell and 75 ml. water 
fillidame:ntai ' ftirmon!o 
resonance resonance 
-- -- _2 ______ -- - ---3~9-- -- -- - --- ,. .-. ,. Ot::!i>O 
62.6. 
7 
27 62.4 
30 3409 
127 
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EXPERIMENTAL DATA FOR FIGURE ll 
Inoreaae in CF-120 Tit~inleter response,. 
fine dial units, 
with the ht~oell and 75 ml. acetone 
0 
------ --------
-28~~2------------- -- -- - - 36 
138 
24 .. 3 181 
20.5 228 
270 
lB.o 320 
16.1 360 
400 
440 
11.,6 500 
600 
650 
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EXPERIMENTAL DATA FOR FIGURE 12 
Solvent Temperature~ 
oc .. 
Water 34.6 
18.7 
11.2 
Acetone 6.7 
4.8 
.... 6 
lncrease in OF·l20 ~!trimeter response, 
coarse dial unite, 
with the hf-ce1l and 75 m1. solvent 
Funoamen£af Harinonic 
resonance resonance 
0 0 
.. 6 
1.6 1.2 
1.7 
0 0 0 
.5 .. 5 .8 
l.l l.l 1.3 
1.3 1.2 1.6 
1.6 1.7 1.8 
~ 
~ 
~ 
I 
,-
-
~ 
~ 
-
-
-
'II I'll' II 'I I· I ttlttHI II II 
EXPERIMENTAL DATA FOR FIGURE 14 
Tj_trant Mmole or Increase in response, Ti.trant Mmole or Increase in response, 
titrant Sargent Model V · titrant sargent Model v 
per 100 Cherrdcal Oscillometer per 100 Chemical Oscillometer 
ml .. H20 seale units ml. ~0 seale units 
.,_01 0 .. 20 324 
.. 02 -2 .40 383 
.04 3 HCl .60 ......... 
• 06 16 .08 421 
.os 30 1 .. 00 432 
KC1 .10 49 
.20 122 .. 01 0 
.. 40 266 .20 0 
.6o 327 .04 2 
.. 80 357 .06 5 
1.00 378 .08 9 
HOAc .10 15 
.01 0 .20 20 
.02 5 .40 31 
.04 51 .6o 45 
HCl .o6 110 .Bo 57 
.08 165 1.00 73 
.10 208 1--l· 
w 
0\ 
1'1:'11 1111~11 11'111'11'11111111 II !I' I : IIIIDIIIII'Iil·f!~llllrliil'fllll~ I I ll~ll,llllf.I!~II:IU.IIJ!IL.:Jql 
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EXPERIMENTAL DATA FOR FIGURE 15 
M1.of' .OlM KOH 
per 100 m.l. of 
.0005M HCl* 
0 
---
-- ~5 
1 .. 0 
1~5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6 .. 0 
6 .. 5 
7.0 
8.0 
9.0 
10.,0 
Increase in response, sargent Model V 
Chemical Oscillometer Scale units 
0 
cr 
1 
... 5 
... 14 
-22 
•25 
-30 
-30 
-28 
-29 
... 26 
-23 
-19' 
... 13 
-2 
ll 
24 
* End Point with Phenolphthalein 5.00 ml. 
-
= 
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EXPERIMENTAL DATA FOR FIGURE 16 
Mole fra.otion 
ot Cdi2 in 
acetone, x 105 
~8 
-
----
1·5 
2 .. 3 
3o.9 
4.6 
5.4 
6.1 
6.9 
7.7 
8.5 
9.2 
10.0 
11.5 
15.1 
Increase in response,. Sargent Model V 
Chemical Oscillometer scale units 
0 
-------------
33 
96 
175 
256 
327 
395 
451 
501 
453 
582 
614 
641 
691 
773 
Ml. ot water 
per :1.00 ml" 
ot acetone 
EXPER;.tr.mN'l'AL DATA FOR FIGURE 17 
Increa$e in response 1 Sargent Model V Chemical Oscillometer scale units 
139 
No oell compensator Cell Compensator 
------ ----------.---------------- --- -- ---
0 0 0 
2 41 245 
4 78 437 
6 108 619 
8 137 778 
10 161 930 
12 186 1060 
14 207 1218 
16 225 1332 
18 g43 1437 
20 260 1541 
' I 
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EXPERlMENTAL DATA FOR FIGURE 18 
Ml, of .19 M 
NH3* added to 
75 ml. of' · 
solution 
0 
---- --
.50 
1.00 
1.50 
2o00 
2 .. 50 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5,00 
5.50 
6.00 
7.00 
s.oo 
9.00 
10"00 
Increase in response~ Sargent Model V 
Chemical Oscillometer scale units 
.0026 M Cdi2* 
0 
··185 
267 
278 
244 
200 
168 
157 
156 
157 
155 
151 
133 
118 
107 
89 
70 
61 
58 
52 
45 
Pure acetone 
0 
-3 
...... 
--
...... 
--
--
...... 
...... 
...... 
--
1 
--
2 
* All solutions used aoetone as the solvent. 
! 
~ 
~ 
I 
-
-
--
-
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~P.ERIMENTAL DATA FOR FIGURE 19 
Solvent Mole Fraction 
ot solvent in InoX'ease in response 1 sargent Model V 
liquid NH3 at Chemical Oscillometer scale units 
-33°0. 
.• 0083 6 
.014 28 
;027 68 
~0 .o4o 110 
.050 138 
.077 220 
.100 307 
EX.l?ERIMENTAL DATA FOR FIGURE 20 
Mol,e fl"action x lo5 ot salt 1n 
l:tquid ammonia. at -33oc. 
LiCl NaCl KCl* RbCl 
~ 
3.22 .79 .83 .70 
7.49 1.62 1.50 3 .. 0 
14 .. 3 :2.8o 2.92 5.0 
21.4 4.00 3 .. 40 8.9 
34~4 5-25 4.'{2 16.5 
66 .. 5 6.94 18c.3 34 .. 0 
87.3 12.0 23.8 53 .. 0 
36.0 
62.9 
CsCl* 
.86 
2.02 
s.o4 
8.39 
14.2 
26 .. 3 
Increase in resj:'~nse ~· Saxtgent Model. V 
Chemi.cal Oscillometer seale unitss 
usi.ng the ht -eel.l. 
I 
I 
Li:Cl NaCl :KCl RbC.l CsCl 
I 
i 
646 249 3144 430 338 
830 ! 742 589 550 5·24 
728 I 871 '/'55 823 755 
I 
905 766 1'90 880 799 
i 
920 812 E:5:8 924 838 
I 
934 846 E~g4 938 870 
! 
936 892 941 
924 
928 
* Not all solute d:tssolved and estimates of corrected mole fract.1on$ have been made. 
·I Ill- i I I I I !II:! ,: Ill. ~- I Rill' I:! ,,, I· ·II !I I' ' ' . I I ·1111!11111~ ·l:miiJII'I:r.ll]ttllfllll ' I ' ! IIJ![:IflllllliiE.dl:\H~-Irl·ll-·illll:ll "II ir' -,1 1 II Iii rill II 
J-f 
-i::" 
to 
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EXPERIMENTAL DATA. FOR FIGTJ.RE 21 
Mole fraeti.on x loS of salt Increase in respor:tse, Ba:rgent Model V 
in 1 ., .... 1d . . "' . t _ .33ort Chenncal o_seillc,mw_ teP seale units,. 
- ·"qu · ammon.a a ""• us.ing the~ hf-eell 
KF* KCl* KBr -~---n-~-----KF -------KCl* 1 KBr n 
.. 83 1.87 .. 45 344 494 230 
1.50 2.57 .99 524 6o2 392 
2.92 3.72 1.37 702 668 474 
3.40 4.92 2.00 755 715 574 
4.72 8 .. 21 2.80 790 755 631 
18~3 11 .. 2 3.47 858 771 662 
23.8 21.8 4.78 894 792 697 
31.0 7.97 196 734 
40.8 14.0 Boo 750 
76 .. 1 822 
*' KF was so .insoluble that no response was observed, and the KCl. mole traeti.on 
23.8 x lo-5, was adjusted ror the amount that faUed t'o disso'lve. 
I 
~ 
Co» 
EXPERIMENTAL DATA FOO. FIGURE 22 
I 
I 
" 
Mole fraction x 1oS salt :in I Increase in respon;se,. sargent Model v 
0 Liquid ammonia at -33 c. Chemical Oscillometer scale units using t~ hf"!"cell 
I 
I 
LiF* Na.F* NaBr Nai RbBr Csi LiF* . NaF* NaBp Nai RbBr 
' 
- -
-
I 
1.-06 .. 58 1 .. 10 .36 .24 10 115 500 14 
15 .. 6 1.30 2.,08 ~92 .70 26 
I 
502 
I 
724 372 
1.80 36 I 816 43.2 2.00 2 .. 72 1.32 671 655 
I 
3.4o 5.80 3.28 4 .. 50 826 892 771 
! 
I 
6,.40 6""72 5.01 6.58 934 912 830 
13.1 11 ... 8 9.10 9.92 997 945 875 
21.0 23.8 13.6 18.4 1023 967 897 
34 .. 0 40 .. 2 17.6 29.5 10410 976 904 
55.-0 . 55.0 26.6 44.7 1047 978 916 
94;.0 30.5 70.2 105:5 902 
* NaF was so insoluble that no 5.ner.eased response was observed; and L1F was 
i.ncompl~""~..> ... y dissolved with the bulk or the apparent mo:le fracti.on 
being 1n auspens~on. 
!W·I.il I 1111:1, lll.ll~l!li::fll•l· .IJq 1·1 · I•IIIIIDIII~·f:j!1JJUIWllll~llll!ll·•·l IIO::IIl!IIIIIIUI.Un.IO".!I .• :,IIII!l, 
Csi 
100 
323 
525 
782 
822 
850 
875 
888 
894 
J-S 
..:r.:::-
-1=:' 
EXPERIMENTAL DATA FOR Fl:GtmE 23 
Mole :rract£~ x lcP of substance* in 
liquid ammonia at ...;33°c. 
Na K* Nli F* NH Cl. 4 4 NH4I Agi 
~ 
.. 24 .. 39 2.,00 5 .. 60 .45 .10 
1.20 .so s.o 11.6 .91 1.90 
CuBr2* 
.. 27 
.72 
I . 
Increase 1n respcmBe, Sargent Model V 
Chemical OscilJ..ometer scale units, 
using tfle hf-eell 
Iia K* NH4F* 'I NH4Cl NR4I Agi CuBr * 2 
290 310 27 I 773 99 281 32 
835 750 67 828 349 365 190 
2.50 .96 13.3 17 .. 9 1 .. 22 4.10 1.42 917 830 99 846 467 571 380 
16.1 2.06 24.8 24 .. 3 l.. 76 11 •. 2 2.14 963 875 100! 875 608 745 494 
! 
* 
2.57 30.9 
53 .. 9 
81 .. 0 
2.26 16.4 
2 .. 95 21.8 
5.65 49 •. 1 
8.05 
12.3 
15 .. 8 
37.0 
55.6 
3.81 900 
5-79 
8.02 
10 .. 0 
14.0 
19.1 
~-~- ~-~---- --~ 
866 
870 
878 
--~·· 
706 
773 
884 
918 
944 
954 
978 
983 
782 668 
804 758 
844 811 
838 
866 
868 
(~)2so4 was so inaoluble that no increased response was obser1r~d.; NR4F was incompletely d~ssolved with the bulk of the apparent male fraction being l.n suspens1on; the K metal 
response curve was merely incomplete and does not represent .limited solubility; and · 
the CuBr~ solution.· was turbi.d after the add1.ti.on of: the last pel.let, suggesting that 
its sol:uJJllity bad been exceeded o 
~ 
\.)1 
I I I IIF! ,I Ill.~' I ~WI:! II· I· ill q ,, ' ,.1 IIIIIJDRIH-I:rlllll~ll.l,tlillflllllll·· ·I -IID:IIJHII:m.:ll.)llliltr.!U:IIII!l 
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EXPERIMENTAL DATA FOR FIGURE 24 
Reaction 1,. Reciprocal Response increase, Sargent MOdel V 
time·, T minutes * Chemical Oscillometer Scale units 
minutes with the hf-oell 
0 
·---
0 
-- - - ---- --- - -- -- --
--- ------ ------ --- - - ----------
- ----------
80 .0125 68 
95 .0105 93 
135 .0074 140 
180 .0057 211 
225 ,.0044 275 
270 .0038 358 
330 .0030 414 
375 .0027 450 
405 .0025 467 
* Calculated from the reaction time for the ammonolyais 
of 10 microliters of 1-iodopropane in 100 ml. or 
liquid ammonia at -33oc. 
I 
-
~ 
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EXPERIMENTAL DATA FOR FIGURE 26 
Mmo1es or potassium 
per .19 mrnole Agi in 
90 ml. of liquid 
ammonia 
0 
.. 002 
.oos 
.015 
.035 
.045 
.059 
.078 
.158 
.247 
Response 3:ncrease,. !argent ModeX V 
Chemical. Oscillometer scale units 
with the ht•oel1 
-------
- -- ----
340! __ 
------ -- ----
---------
325 
270 
276 
294 
298 
321 
328 
353 
353 
* Tnis was the increased response due to the silver iodide 
and was-itfreterenoe to zero tor pure·-ammon1al. -- - - -- - - -, 
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EXPERIMENTAL DATA FOR FIGURE 27 
Mrnole of NH4I 
per .45 mmole 
KN~ in 90 ml. 
of liquid NH3 
0 
.06 
.13 
.52 
1.09 
1.92 
3~10 
Response increase of the Sargent Model V 
Chemical Oscillometer a.nd the hf-oel.l 
0 
280 
515 
640 
735 
850 
875 
895 
905 
~ 
§: 
i 
I 
~ 
~ 
~ 
-
0 
~ 
~ 
~ 
~ 
--
